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In order to understand the mechanism of heat transfer enhancement due to micro-fin 
geometry, this dissertation develops a novel approach to visualize the two-phase flow 
pattern in transparent micro-finned tubes under both adiabatic and diabatic conditions. 
Rather than the conventional sight-glass method (without internal micro-fin geometry in 
the clear tube), clear resin tubes are made by a 3D printer to reproduce the real internal 
geometry in the commercial metal micro-finned tubes. The 3D printed tube is placed 
inside a glass tube and heated with the secondary fluid flowing between the two tubes for 
simulating the evaporation conditions. Thanks to the diabatic visualization, new insights 
for the flow behavior inside the smooth and micro-finned tubes during evaporation are 
brought. Additionally, quantification and analysis of the captured high speed videos help 
further examine the heat transfer mechanisms in different flow regimes. 
The first focus of this thesis is to experimentally investigate the effect of axial micro-
fins on heat transfer and pressure drop during evaporation in commercial aluminum 
round tubes. The axial micro-finned tube used in this study is special compared to most 
of the work in the literature because the tube was expanded before testing to reflect the 
real situation. In the manufacturing process of fin-tube heat exchanger, the tube 
expansion technique is widely used to provide a better contact of the micro-finned tubes 
and external air-side fins. Experiments of R410A flow boiling inside axial micro-finned 
tubes and smooth tubes with the inner diameter of 6.3 mm were conducted. The results 
showed that the average heat transfer enhancement factor of the axial micro-finned tube 
is 1.34 and the average pressure drop penalty factor is around 1.23.  
In the second part of this thesis, two-phase flow behavior was visualized under near 
adiabatic conditions through a clear smooth tube and micro-finned tubes of 0°, 10° and 
18° helix angles. The results showed that axial micro-fins (0° helix angle) do not provide 
additional force to pull up the liquid inside the round tube, so the annular flow does not 
occur at an earlier condition (lower vapor quality or mass flux). Therefore, the flow 
pattern in transparent axial micro-finned tubes is generally similar to that in transparent 
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smooth tubes. For the helical micro-finned tube, the annular flow pattern occurs at a 
lower vapor quality than the smooth and axial micro-finned tubes. This is because the 
swirling flow triggered by the helical micro-groove geometry enables the liquid 
refrigerant to reach a higher location in the round tube, and the capillary force keeps the 
liquid flowing along the micro-grooves. Helix angle affects the transition boundary of 
stratified wavy flow to wavy annular flow, which shifts downward (to lower mass flux 
and vapor quality conditions) as the helix angle increases. Other transitions are not 
significantly affected by the helix angle. Based on the experimental data, a flow pattern 
map for flow boiling in horizontal micro-finned tubes considering the effect of helix 
angle was built. 
In the third part of this thesis, flow boiling visualization under diabatic conditions is 
carried out. Compared to the traditional adiabatic visualization technique, the more 
realistic evaporative condition is simulated and the developing evaporation process is 
captured. The diabatic method reveals new insights for the flow behavior at low vapor 
quality such as formation of a vapor plug and rewetting phenomenon in slug flow. 
Moreover, the effect of micro-fin geometry on evaporation in different flow patterns is 
further studied. Micro-fin geometry influences flow behavior in round tubes especially 
for low vapor quality conditions. Bubbles are mainly generated in the groove region due 
to a higher superheat, and the bubbles in the helical micro-finned tube are easier to merge 
and travel with a higher velocity. The annular flow pattern is almost the same as that 
visualized through the traditional adiabatic method since the nucleate boiling mechanism 
is suppressed when the fluid velocity is high. 
Heat flux and vapor quality conditions affect the heat transfer mechanisms during the 
flow boiling. The objective of the fourth part of this thesis is to quantify the bubble 
parameters such as departure diameter and frequency and analyze the heat transfer 
mechanisms through the captured videos from the diabatic visualization. The wall heat 
flux transferred to the refrigerant comes from nucleate boiling (bubble generation) and 
forced convection. Since the forced convection plays an important role under the current 
heat flux condition, the liquid becomes warmer. The heat flux for bubble growth (film 
boiling) can be also quantified through the video. The heat is transferred through forced 
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convection mechanism thoroughly as the heat flux is low. As the heat flux increases, the 
proportion of evaporative mechanism becomes important.  
In the visualization section, the tube material is resin (polymer) instead of aluminum. 
The relevance of the data through the visualization approach to the real evaporator tube 
may be questionable due to the change of the material. In other words the effect of 
surface tension for these materials is challenged and this is the main deliverable of the 
last part of this thesis. The visualization technique as well as comparative measurements 
of contact angles for aluminum and polymer explored with water, R245a and R410A are 
presented. The results showed that the changes of the contact angles are small such that 
they do not affect the generalization of the conclusion obtained in the transparent 
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Chapter 1 INTRODUCTION 
1.1 BACKGROUND 
Helical or helical based copper micro-finned tubes are rapidly being replaced in the 
air conditioning and refrigeration industry by cost-effective aluminum tubes because of 
the dramatic rise in copper commodity costs (relative to aluminum). Unfortunately, the 
convective boiling and condensation heat transfer coefficients associated with axial 
micro-finned (less costly than helical) tubes have been found a bit less effective to those 
in helical-patterned designs.  Moreover, mechanical tube expansion during the fabrication 
of plate-fin heat exchangers damages the relatively soft aluminum micro-fins and further 
reduces heat transfer performance. Despite the above performance challenges, axial 
micro-fins have been the geometry of choice as the design facilitates the use of the well-
known, and cost-effective, hot press extrusion process. Hence, it is of importance to 
develop the requisite knowledge for the cost-effective axial aluminum micro-finned tubes. 
The first focus of this research is to experimentally investigate the effect of axial micro-
fins on heat transfer and pressure drop during evaporation in round tubes. Then, 
visualization of flow in micro-finned tubes will be conducted to characterize the effect of 
axial micro-fins on two-phase flow regimes. In most of the literature concerned with the 
two-phase flow visualization in micro-finned tubes, the flow regime is visualized through 
a sight glass without internal fin geometry at the exit of the tested micro-finned tube. To 
further study the effect of micro-fins on flow, the second focus is to make a transparent 
tube with internal micro-fin geometry. Last but not the least, a novel technique of the 
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visualization that provides a more realistic evaporative condition to the visualized clear 
tube is built to gain in-depth understanding of the physics in flow boiling. 
1.2 STRUCTURE OF THE THESIS  
Besides the introductory chapter, this thesis is organized in 11 chapters. Chapter 2 
presents the state-of-art literature review of geometry effect of the micro-finned tubes as 
well as visualization techniques. Chapter 3 presents the heat transfer coefficient and 
pressure drop for R410A flow boiling in aluminum smooth and axial micro-finned tubes. 
Chapter 4 presents the visualization of two-phase flow in smooth and axial micro-finned 
tubes through the clear 3D printed tubes, which reflects the real geometry in the 
commercial metal micro-finned tubes. In addition to the smooth and axial micro-finned 
tubes, this visualization technique is extended to investigate different micro-fin geometry, 
and the effect of helix angle on flow behavior through visualization is studied in Chapter 
5. In Chapter 6, a flow pattern map for micro-finned tubes considering the effect of helix 
angle is proposed. In Chapters 7 and 8, a novel technique to visualize the flow of 
evaporation under diabatic condition is developed and the flow behaviors in the smooth, 
axial micro-finned, and the helical micro-finned tubes are compared. Chapter 9 presents 
the quantification of the captured high speed video and the analysis of heat transfer 
mechanism of flow boiling through the visualization. Since the tube material in the 
visualization section is resin polymer rather than metal, Chapter 10 discuss the relevance 
of the visualization data to the real evaporator tube from the wettability point of view. 




Chapter 2 LITERATURE REVIEW 
In this chapter, a state-of-the-art review including the most relevant research in the 
literature is presented. The literature review consists of four sections: 1) Background; 2) 
Effect of helix angle on heat transfer coefficient and pressure drop; 3) Techniques for 
investigating two-phase flow behavior in micro-finned tubes; 4) Two-phase flow pattern 
map; 5) Limitations of previous studies 
 
2.1 BACKGROUND 
Internally micro-finned tubes, first developed in 1977 by Hitachi Cable [1], have 
received increasing attention and are commonly used in air conditioners and refrigerators 
as evaporator and condenser tubes. It is generally known that the inner micro-fin provides 
more heat transfer area, and increases wetting of the tube, which are believed to increase 
heat transfer performance in two-phase flow. A number of experimental studies on 
evaporation in micro-finned tubes have been reported. Seo and Kim [2] measured the 
evaporation heat transfer coefficients and pressure drop of R410A in 7.0 and 9.52 mm 
OD micro-finned tubes. The average EF (heat transfer enhancement factors) for 7.0 and 
9.52 mm OD micro-fin tubes were 1.1-1.6 and 1.8-2.5 respectively. Zhang et al. [3] 
experimentally study the flow boiling for R417A in internally grooved tubes and found 
that the heat transfer enhancement factor was 1.26-2.8 and PF (pressure drop penalty 
factor) was 1.8-2.6. Therefore, the micro-fin is seen as an effective geometry to increase 




2.2 EFFECT OF HELIX ANGLE ON HEAT TRANSFER 
COEFFICIENT AND PRESSURE DROP  
Helix angle is an important parameter in micro-finned tubes, and many studies have 
shown that it influences the heat transfer coefficient and pressure drop in two-phase flow. 
In 1979, Ito and Kimura [4] experimentally investigated the boiling heat transfer 
coefficient and pressure drop in internally spiral-grooved tubes with the helix angle of 0°, 
3°, 7°, 15°, 30°, 75° and 90° at various mass fluxes, heat fluxes, and vapor qualities. The 
results showed that the largest value of HTC occurs when the helix angle is around 7° and 
90°. In 1981, Kimura and Ito [5] reported the experimental results concerned with the 
evaporative heat transfer for R12 in 4.75 mm ID micro-finned tubes with the helix angle 
of 4°, 7°, 15°, and 30°. They found that the mass flow rate considerably affected the 
optimal helix angle for the heat transfer. For the stratified flow region, how high the 
liquid refrigerant was pulled up due to the capillary phenomenon determined the heat 
transfer enhancement. The heat transfer coefficient increased with the increase of helix 
angle. For the region of annular flow, the maximum heat transfer occurred at 15° helix 
angle, but did not change significantly with the helix angle between 4° and 30°.  In 1989, 
Schlager et al. [6] studied evaporation and condensation for R22 in horizontal micro-fin 
tubes with helix angles from 15° to 25°, and the results showed that the 25° helix angle 
tube had the best performance. In 1998, Oh and Bergles [7] experimentally investigated 
the evaporative heat transfer for R134a in 9.52 mm OD micro-finned tubes with different 
helix angles (6°, 12°, 18°, 25°, and 44°). The authors mentioned that the optimal helix 
angle, where maximum HTC occurred, depended on mass flux conditions. The optimal 
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helix angle is 18° for G=50 kg/s-m2, while the optimal one is 6° for G=100 kg/s-m2. In 
2003, Shedd and Newell [8] measured the pressure drop and liquid film thickness in 
horizontal annular flow through clear PVC tubes with internal microgrooves at three 
different helix angels (0°, 9° and 18°). The results showed that the thicker liquid of the 
film thickness profile in the 9° and 18° tubes rotated counterclockwise compared to the 
profile of the smooth tube. Also, the helix angle had only small effect on the pressure loss 
in the tubes but was more pronounced in high liquid flow. In 2005, Kim and Shin [9] 
tested different micro-fin tubes in evaporation and concluded that the heat transfer 
coefficient decreases with the increase of helix angles. More studies from the open 
literature related to the effect of helix angle on heat transfer coefficient or pressure drop 





   Table 2-1 Studies on the effect of helix angle on heat transfer coefficient and pressure drop since 1979 
Authors Fluid Tubes Experiments Remarks 
Ito, and Kimura 
(1979) [4] 
R22 ID:11.2 mm 
Copper smooth and 
micro-fin tubes 
(helix angle of 7, 90) 
Aluminum smooth and 
micro-fin tubes 
(helix angle of 0, 3, 
7 ,15, 30 and 75) 
HTC and PH 
Method: sheath heater 
(Joule heating) 
Conditions: 
q”: 18000 kcal/m2 
mr: 29-72 kgh-1 
Psat: 4 kg/cm2G 
• The largest value of HTC occurs when 
the helix angle is around 7 and 90. 
• HTC appears a little lower in aluminum 
tubes than in copper tubes for some 
unknown reasons (maybe related to the 
wettability). 
• For the longitudinal grooves, HTC 
appears almost the same as in smooth 
tubes 
Kimura and Ito 
(1981) [5] 
R12 OD: 6.35 mm, 
ID:4.75 mm 
Smooth and micro-fin 
tubes 
(helix angle of 4, 7, 15 
and 30) 
HTC and PH 
Method: sheath heater 
(Joule heating) 
Conditions: 
q”: 1.5-50 kW/m2 
G: 30-160 kgm-2s-1(small 
mass flow rate compared 
to previous work) 
Psat: 0.3 MPa 
• For the annular flow region, the HTC in 
the grooved tube has a maximum value 
at 15, but does not change so 
remarkably for an inclination of spiral-
groove between 4 and 30. 
• For the stratified flow region, due to the 
capillary phenomenon in the groove the 
HTC increases with the inclination of 
spiral-groove and with a decrease of the 
heat flux. 
• The authors tried to analyze how high 
the liquid is pulled up in the groove by 
the capillary force in the case of non-
heated tube by considering the balance of 
the weight and capillary force. 
 




OD: 15.8 mm, 
ID:11.4 mm 
Smooth and micro-fin 
tubes 
(helix angle of 10 and 
30) 
HTC  
Method: sheath heater 
(Joule heating) 
Conditions: 
q”: 5-30 kW/m2 
G: 50-500 kgm-2s-1 
Psat: 0.59 MPa(R-
22),0.40MPa(R-12) 
• HTC of the tubes with 30 helix angle is 
better than that of 10. 
• At low mass velocity (100 kgm-2s-1), the 
flow regime in the smooth tube is wavy 
and the surface at the top of the tube is 
supposedly dry. The HTC in the grooved 
tube is significantly higher than those in 
the smooth tube especially at the top of 
the tube. 
• At higher mass velocity (300 kgm-2s-1), 
an annular liquid film is found over the 
tube perimeter in both tubes. Thus, the 









Table 2-1 (cont.) 
Schlager et al. 
(1989) [6] 
R22 OD: 9.5 mm  
copper microfin tube 
(helix angle of 15, 18 
and 25) 
HTC and PH 
Method: water heating 
Conditions: 
Xin:10% Xout:90% 
G: 180-400 kgm-2s-1 
Tsat: 0 and 5C 
• All three micro-fin tubes show a 
significant heat transfer enhancement, 
and the enhancement factors are greater 
than the increase of surface area due to 
the fins. 
• For evaporation, 25 helix angle tube 
shows the best performance consistently 
• For condensation, 18 helix angle tube 
has better performance than others. 
• The authors didn’t discuss the physical 
meaning and define the geometry factors 
on the performances differences. Also, 
their tubes have different fin heights 
(0.15-0.3mm) and pitches 
 
Schlager et al. 
(1990) [11] 
R22 OD=12.7 mm 
ID=11.7 mm 
Copper micro-fin tubes 
(helix angle of 15, 18 
and 25) 
HTC and PH 
Method: water heating 
Conditions: 
Xin:10% Xout:90% 
G: 75-300 kgm-2s-1 
Tsat: 0 and 5C 
• Compared with the previous 
investigations of 9.52 mm micro-fin tube 
by the same authors, there is no 
significant difference in performance of 
enhancement factors between the two 
tubes. 
(9.52 mm vs. 12.7 mm) 
Chiang (1993) 
[12] 
R22 OD: 7.5 mm and 10 mm  
copper micro-fin tubes 
(helix angle of 0 and 
18) 
HTC and PH 
Method: water heating 
Conditions for 
evaporation: 
Xin: 15% Xout: superheat 




Xin: superheat Xout: 
subcooling 
mr: 270-1100 kgm-2s-1 
Tsat: 40.5C 
 
• For the condensation, HTC in the axial 
micro-finned tube is around 10% to 20% 
higher than that in the helical tube. 
• For the evaporation, effect of axial or 
helical micro-fins on HTC depends on 
mass flux. As G is ≥ 175 kg/s-m2, HTC 
is higher in the axial micro-finned tube 
than the helical one. As G is 175 kg/s-
m2, HTC is lower in the axial micro-
finned tube. 
• However, the fin height and the number 
of fins in the axial micro-finned tube are 
different from the helical tube, and these 







Table 2-1 (cont.) 
Chamra et al. 
(1996) [13] 
R22 OD=15.88 mm 
ID=14.88 mm 
Single-helix and double 
helix micro-fin tubes 
(helix angle of 15, 17.5, 
20 and 27) 
 
HTC and PH 
Method: water heating 
Conditions: 
Xin:20% Xout:80% 
mr: 45-181 kgh-1 
Tsat: 2.2C 
• The maximum evaporation coefficient 
occurs at 20 helix angle for all the 
micro-fin tubes. 
Oh and Bergles 
(1998) [7] 
R134a OD=9.525 mm 
ID=8.21 mm 
Dmean=8.71 mm 
Smooth and micro-fin 
tubes  
(helix angle of 6, 12, 
18, 25, and 44) 
HTC  
Method: DC electricity 
Conditions: 
q”: 5-20 kW/m2 
mr: 50-200 kgm-2s-1 
Psat: 0.31 MPa  
x: 0.3-0.8 
• The optimal helix angle, where 
maximum HTC occurred, depended on 
mass flux.  
• 18° and 6° were the optimal ones for 
G=50 kg/s-m2 and G=100 kg/s-m2, 
respectively. 




ID: 15.1 mm  
PVC micro-fin tubes 
(helix angle of 0, 9 and 
18) 
PH  and liquid film 
profile 
Conditions: 
mr: 44-120 kgm-2s-1 
Ft: 70-250 
 
• The thicker liquid of the film thickness 
profile in the 9° and 18° tubes rotated 
counterclockwise compared to the profile 
of the smooth tube.  
• The helical micro-fins increased the 
amount of wetted tube periphery. In the 
lowest flow condition, about 81% of the 
9° tube periphery and 94% of the 18° 
tube periphery is wetted (only 62% for 
the smooth tube). Namely, the helical 
microgrooves promote earlier transitions 
to annular flow.  
• However, the geometry such as number 
of fins and fin shape of the PVC tube 
was different from that of the 
commercial micro-finned tube; this 
might affect the flow behavior. 
 






Copper smooth and 
micro-fin tubes  
(single-grooved and 
cross-grooved) 
(helix angle of 15.5, 18, 
25, 30 and 44) 
HTC  
Method: water heating 
Conditions: 
q”: 11 kW/m2 
mr: 30-60 kgh-1 
Tsat: 15C 
x: 0.2-0.8 
• The circumferential variation of 
evaporation HTC for R22 is higher than 
that for R410A. 
• HTC for the cross-grooved tubes are 
smaller than those for the single-grooved 
tubes. This result is opposite to the result 
of Chamra et al.. 
• HTC increases with the fin height to 
inner diameter ratio (Hf/Di) and the area 
ratio (A/Ap) and decreases with the helix 
and apex angles. 
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Recently, aluminum axial micro-finned tubes (0° helix angle) have been considered to 
replace copper helical micro-finned tubes in the HVAC industry due to the dramatic rise 
in copper cost and manufacturing cost. Thus, the performance between the helical micro-
fin and straight micro-fin in evaporation and condensation are worthy to discuss. Ito and 
Kimura [4] stated that the longitudinal fin could not enhance the boiling heat transfer 
effectively compared to the helical fin. Vollrath et al. [14] mentioned that the heat 
transfer coefficients of ammonia inside the axial micro-finned tube were even worse than 
the smooth tube during condensation. In contrast, Wu et al. [15] found that the form drag 
caused by the helix angle greatly influenced the performance when the tube diameter is 
small, and the 0° helix angle fins had the potential for enhancing heat transfer in 
evaporation. Their results showed that the 0° helix micro-fin tubes increase R32 boiling 
heat transfer by 60% compared with the smooth tubes. Chiang [12] found that HTC in the 
axial micro-finned tube was around 10% to 20% higher than that in the helical micro-
finned tube during condensation. For the evaporation, the effect of micro-fins on HTC 
depended on mass flux. As G was ≥ 175 kg/s-m2, HTC in the axial micro-finned tube was 
higher than the helical one. As G was < 175 kg/s-m2, HTC in the helical micro-finned 
tube had better performance. Graham et al.  [16] also argued that the enhanced heat 
transfer in axial micro-finned tubes during R134a condensation was dependent on mass 
flux and vapor quality. At G=75 kg/s-m2, HTC in the axial micro-finned tube was better 
than for a smooth tube but worse than the 18° helical micro-finned tube. As G was ≥150 
kg/s-m2, HTC in the axial micro-finned tube was higher than both of that in smooth and 
helical micro-finned tubes. However, there is limited research concerned with boiling 
heat transfer in axial micro-finned tubes, and the mechanism of heat transfer 
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enhancement due to the straight micro-fin is not clear yet. Hence, it is of importance to 
develop fundamental understanding of the effect of the straight micro-fin on flow boiling. 
 
2.3 TECHNIQUES FOR INVESTIGATING TWO-PHASE FLOW 
BEHAVIOR IN MICRO-FINNED TUBES 
When the liquid is vaporized or the vapor is condensed in the channel, the 
simultaneous motion of liquid and vapor phases leads to several configurations known as 
flow patterns. The flow pattern is affected by geometry of the channel, properties of the 
fluid, flow conditions such as mass flux and vapor quality. In addition, the flow pattern 
influences the wetting characteristics and the heat transfer mechanism in the channel. 
Kattan et al. [17] emphasized the relationship between heat transfer coefficient and flow 
pattern based on the experimental data. Therefore, the investigation of flow pattern is 
essential for understanding the physics behind the two-phase heat transfer. The two-phase 
flow visualization for horizontal micro-finned tubes has been conducted in many studies. 
Their techniques and key findings are reviewed below and summarized in Table 2-2. 
Yoshida et al. [10] inserted a fiber scope into a spirally grooved tube with 30° helix 
angle to observe the flow behavior of R22 during flow boiling. At a low mass flux (G=75 
kg/s-m2), the liquid and vapor were separated in the lower and upper part of the tube, 
respectively. As demonstrated in Fig. 2-1(a), the liquid existed in the grooves at the top of 
the tube and flowed along the grooves with relatively slow speed. The authors used this 
observation to explain why the heat transfer is remarkably enhanced in the low mass 
velocity region. In addition, a simplified model for heat transfer coefficient of the 
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stratified flow was developed, and the schematic of the model concept is illustrated in Fig. 
2-1(b). It was assumed that the liquid was sufficient to wet the whole side surface of the 
grooves by the liquid film. The model separated the average heat transfer coefficient into 
two parts. The first one was for the liquid at the bottom of the tube and evaluated based 
on the correlation for a smooth tube in the authors’ earlier work [18]. The other one was 
for the tube perimeter not occupied by the main liquid flow and evaluated as the heat 




Figure 2-1 Schematic views of (a) liquid flowing in the micro-finned tube and (b) model 
concept for the micro-finned tubes [10]. 
Nozu et al. [19] studied the condensing flow of R11 inside the micro-finned tubes by 
using an industrial borescope, as shown in Fig. 2-2(a). The forward-viewing type scope 
with outer diameter of 10.2 mm was placed at the downstream of the tube exit to catch 
the flow patterns in cross-sectional view. The results implied that there were two flow 
patterns during complete condensation in micro-finned tubes, as presented in Fig. 2-2(b). 
As the vapor velocity was low, a condensate pool was form due to large amount of 
condensate, which would fit the stratified flow in the smooth tube. Under this flow 
pattern, only the micro-fins at the upper part of the tube not submerged in the pool had 
great influence on the condensation. As the vapor velocity was high, a small amount of 
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condensate film was formed around the tube without liquid pool. It was close to the 
annular flow in the smooth tube and all micro-fins enhanced the condensation. To further 
investigate the condensate flow between the fins, Nozu and Honda [20] inserted a smaller 
borescope with outer diameter of 2.7 mm into the micro-finned tube, and the detail of the 
visualization set-up is shown in Fig. 2-3(a). The behavior of the condensate in the 
neighborhoods of the top, left, bottom, and right were observed and presented in Fig. 2-
3(b). There were few marked circumferential variations of the film flow, and most of 





Figure 2-2 (a) Details of flow observation device and (b) Cross-sectional view of 








Figure 2-3 (a) Details of flow observation device and (b) Circumferential variation of  the 
condensate behavior observed in the micro-finned tube. [20]. 
Oh and Bergles [21] investigated the effect of helix angle on the enhancement of heat 
transfer in micro-finned tubes by visualizing the in-tube flow regime of R134a during 
flow boiling. A borescope was inserted into the heating test tube with connection of a 
custom-made uniform tee fitting, as illustrated in Fig. 2-4. At mass flux G=50 kg/s-m2 
with vapor quality of 0.5, the increasing wetted area due to the climbing liquid flow at the 
top of the tube depended on the helix angle. In the micro-finned tube with 6° helix angle, 
the liquid flow was lifted up but could not reach the top of the tube, so the tube had a 
lower heat transfer coefficient. For the helix angle 18°, the liquid flow constantly existed 
in the grooves at the top of the tube, and thus it had the highest heat transfer coefficient in 
all the tested tubes. Although the liquid flow in the micro-finned tube of 44° reached the 
top of the tube, it could not be maintained at the top and flowed down along the grooves 
in droplets. This explained why the heat transfer coefficient of 44° was lower than that of 
18°. At mass flux G=200 kg/m2s with the same vapor quality, the flow pattern was 
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generally annular flow, and the enhancement of the heat transfer coefficient in the micro-
finned tubes was not as much as that in the stratified flow. 
 
Figure 2-4 Schematic view of the installation of a borescope [21]. 
Cavallini et al. [22] and Doretti et al. [23] built up a brass chamber with three glass 
windows to visualize the flow patterns in micro-finned tubes during condensation process. 
The schematic and photographic views of the visualization method are illustrated in Fig. 
2-5(a) and (b). A small portion of the test tube was inserted into the chamber and cut at 
an angle around 45° at the final part. A high intensity fiber-optic light source was placed 
at the outside of the frontal window and coaxial to the test tube. The camera was set at 
the outside of the lateral windows to catch the flow inside the tube. The captured images 
for the flow behavior at the exit of the smooth and helical micro-finned tubes are 
demonstrated in Fig. 2-5(c).  To compare the flow regimes in the smooth and micro-
finned tubes, the authors linked the stratified-annular transition to a non-dimensional 
parameter, JG (dimensionless vapor velocity). The results showed that the transition 
occurred at lower JG in the micro-finned tube. In other words, the helical micro-fins led 








R410A, G=252 kg/s-m2, x=0.52, JG=1.53 R410A, G=252 kg/s-m
2, x=0.51, JG=1.52
 
Figure 2-5 (a) Schematic and (b) photographic views of the visualization test section and 
(c) the flow regimes captured at the exit of the smooth and micro-finned tube [22] [23]. 
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Colombo et al. [24] used the similar method (Cavallini et al. [22] and Doretti et al. 
[23]) to investigate the evaporation and condensation of R134a in the micro-finned tubes 
with 9.52 mm OD and 18° helix angle. They compared the flow patterns in the smooth 
and micro-finned tubes and concluded that the transitions of flow regime in both 
evaporation and condensation were shifted due to the micro-fin geometry. For 
evaporation, the transition between the intermittent and the annular flow was shifted to 
lower vapor quality than the smooth tube, and it could be presented as a straight line with 
negative slope. The transition between wavy flow and annular flow occurred at lower 
mass flux for micro-finned tubes especially as the vapor quality is lower than 0.7. The 
authors explained that additional swirled motion of the fluid and the combined effect of 
the centrifugal, capillary force and friction force enables the liquid to overcome the 
gravitational force. As a result, the liquid was distributed all around the perimeter of the 
tube. For condensation, the obtained results were similar to that of Cavallini et al. [22] 
and Doretti et al. [23]. The transition from stratified to annular flow at a fixed vapor 
quality occurred at lower JG than the smooth tube. 
The above methods for visualization maybe influence the flow behavior or break the 
original flow field inside the tube, which are defined as intrusive techniques. The most 
common way to investigate the flow regimes in micro-finned tubes is using a sight glass 
for visualization at the exit of the tested micro-finned tube such as Fujii et al. [25], Yu et 
al. [26], Schael and Kind [27], Chen et al. [28], Olivier et al. [29], Rollmann and Spindler 
[30], and Sharar and Bar-Cohen [31]. The inner diameter of the glass tubes is 
approximately equal to that of the tested tube, and the connection portion between the 
tested tube and glass tube is short enough to reduce the influence on the flow. In this 
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method, the sensor is not directly in contact with the fluid, so the flow field is not 
interfered. Although the flow behavior maybe slightly changes due to the different 
material or inner geometry from the tested micro-finned tube, this method can be seen as 
a semi-intrusive method, where flow field is not significantly disturbed. 
Yu et al. [26] used the sight glasses to visualize the flow patterns in copper micro-
finned tubes with 12.7 mm OD, 60 fins, and 18° helix angle. The visualization results in 
the smooth and micro-finned tube were plotted in a G-x type flow pattern map, as 
presented in Fig. 2-6(a) and (b). They found that the transitions of the flow patterns map 
for R134a in the micro-finned tubes occur at lower mass flux and vapor quality than the 
smooth tubes. The early transition in the micro-finned tube was attributed to the spiral 
grooves, which enabled the liquid to reach the top of the tube easily.   
(a) (b) 
  
Figure 2-6 Flow pattern map: (a) smooth tube; (b) micro-finned tube [26]. 
Cui et al. [32] studied the flow patterns of helical micro-finned tube with 11.2 mm ID, 
60 fins, and 18° helix angle through two quartz glass windows mounted at both ends of 
the test tube. The schematic view of their visualization set-up is shown in Fig. 2-7. Two 
glass windows were mounted at both side of the tested tube. The inner diameter of the 
glass tubes was equal to that of the test tube, and the connection portion between the two 
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tubes was short enough. The authors assumed the observed flow pattern through the sight 
glass to fully represent the flow in the tested micro-finned tube. The visualization data 
was plotted on the flow pattern map of the smooth tube developed by Taitel and Dukelr 
[33] for comparison. The authors mentioned that the transition of intermittent flow to 
annular flow was shifted to a smaller value of Xtt (Martinelli parameter). 
 
Figure 2-7 Schematic view of the visualization set-up in the work of Cui et al. [32]. 
Bandarra Filho and Barbieri [34] experimentally investigated the flow boiling heat 
transfer, pressure drop, and flow patterns of R134a in smooth and helical micro-finned 
tubes. Some interesting trends for higher mass velocity in the micro-finned tubes were 
found. For the mass velocity of 500 kg/s-m2 and vapor quality higher than 0.65, the heat 
transfer coefficient in the micro-finned tube was equal or even lower than that in the 
smooth tube. From the flow visualization with the sight glass method, the flow pattern in 
the smooth tube under this condition was still annular flow, but the premature mist flow 
was formed in the micro-finned tube. The authors explained that the liquid film thickness 
under this condition was reduced to the extent of exposing the fin tips to the vapor core, 
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which caused the liquid removal from the grooves. Consequently, the heat transfer 
coefficient was significantly decreased. 
Rollmann and Spindler [30] developed a flow pattern map for R134a flow boiling in 
the micro-finned tube with 18° helix angle. The flow patterns were optically measured in 
a borosilicate glass tube based on the intensity of the reflected laser beam at the interface. 
They derived the equations for the transition curve and presented a new flow pattern, the 
helix flow, in the micro-finned tubes due to the helical structure of the fins. In this flow 
pattern, the refrigerant flow got a spin due to the helical arrangement of the micro-fins 
and accelerated in the circumferential direction. More wetted surface led to an increase of 
heat transfer coefficient. 
Shedd and Newell [35] made special clear PVC tubes with 20 internal microgrooves 
by scratching at three different helix angles (0°, 9° and 18°), as shown in Fig. 2-8. They 
investigated the liquid film thickness and its distribution in horizontal annular flow. The 
results showed that the thicker liquid of the film thickness profile in the 9° and 18° tubes 
rotated counterclockwise compared to the profile of the smooth tube. In addition, the 
helical micro-fins increased the amount of wetted tube periphery. In the lowest flow 
condition, about 81% of the 9° tube periphery and 94% of the 18° tube periphery is 
wetted (only 62% for the smooth tube). Namely, the helical microgrooves promote earlier 
transitions to annular flow. However, the geometry such as number of fin and fin shape 
of the PVC tube was different from that of the commercial micro-finned tube, so this 




Figure 2-8 The grooved tubes used in Shedd and Newell’s work [35]. 
Traditionally, the visualized flow regime in a glass tube or clear micro-finned tube is 
under near adiabatic conditions. In order to simulate a more real condition in the 
evaporator or condenser, electric heating or secondary fluid is used to provide heat flux to 
the visualization section.  Pettersen [36] used transparent layers of indium tin oxide (ITO) 
to heat an ID 0.98 mm horizontal glass tube for observing the evaporative flow of CO2. 
Tuo and Hrnjak [37] visualized R134a flow boiling in an ID 1.0 mm glass tube heated by 
Nichrome resistance wires glued on the outer wall. Palen et al. [38] used concentric glass 
tubes to simulate the typical condenser and observed the continuous process of 
condensation from inlet to exit. Meyer and Hrnjak [39] and Xiao and Hrnjak [40] studied 
the condensation of R134a in a smooth tube outside the two-phase region through 
visualization with a similar method. They built up a diabatic visualization section, which 
was composed of two concentric glass tubes, 20 cm long and encased in a clear plastic 
shielding box. They stated that the behavior of the fluid in it was closer to an actual 
condenser than typical adiabatic visualization experiments. Westheimer and Peterson [41] 
visualized the flow boiling in a vertical glass annular heat exchanger under microgravity 
conditions and mainly discussed the gravity effect on the flow regime. However, there is 
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no related work that visualizes the evaporative flow regime in the transparent micro-
finned tube under diabatic conditions. 
Non-intrusive methods, where the flow field is not disturbed, such as X-ray 
tomography (Jones and Zuber [42], Vince and Lahey [43], Harvel et al. [44]), ultrasonic 
tomography (Masala et al. [45], Abdul Rahim et al. [46]), nuclear magnetic resonance 
imaging (Fukushima [47]) are not common in this field because of the safety or cost 
issues. Measurement of the power spectral density (PSD) distribution of the pressure 
fluctuations can be used to predict the flow regime. Liebenberg et al. [48] [49] and 
Liebenberg and Meyer [50] used this method to investigate the flow regimes in smooth 
and micro-finned tubes during condensation, but some local flow behaviors such as 
climbing liquid or swirling motion in the micro-finned tubes are difficult to recognize 
based on this method. 
In summary, the techniques used to investigate the two-phase flow can generally be 
divided into three categories. Intrusive methods such as an inserted borescope or cut tube 
in a chamber directly visualize the flow behavior in the tube under real condition of 
evaporation or condensation, but they may break or influence the original flow field in 
the tube. Nonintrusive methods such as X-ray, ultrasonic tomography or PSD of the 
fluctuating pressure do not change the flow field but are not common in studying two-
phase flow in micro-finned tubes due to the cost or resolution issues. The most common 
way is using a sight glass to visualize the flow at the exit of the tested tube, which is seen 
as a semi-intrusive method since the flow field is not significantly disturbed. However, 
the glass tubes do not have internal micro-fin geometry and most of the visualizations in 
them were carried out without heating (near adiabatic condition). As a result, it is of 
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practical interest to conduct visualizations under a more realistic situation for studying 
the mechanism of heat transfer enhancement in micro-finned tubes.  
 
Table 2-2 Summary of techniques for investigation of two-phase flow behavior 
 Evaporation Condensation 
Intrusive Fiberscope- Yoshida et al. (1988) 
Borescope- Oh and Bergles (2002) 
Cut tube in a chamber- Colombo et al. (2012) 
Borescope- Nozu et al. (1998) 
Cut tube in a chamber- Cavallini et al. 
(2006), Doretti et al. (2013) 
Semi-
intrusive 
Adiabatic Diabatic Adiabatic Diabatic 
Sight glass-Fujii et al. 
(1995), Yu et al. 
(2002), Schael and 
Kind (2005), P. 
Rollmann and K. 
Spindler (2015), 
 
PVC tube with internal 
fin-Shedd and Newell 
(2003) 
Smooth glass tube 
heated with ITO 
coating- Pettersen 
(2004) 




Tuo and Hrnjak 
(2014) 
3D printed resin 




Yang and Hrnjak 
(2018) 
Sight glass- Muzzio 
et al. (1998), Chen 
et al. (2006) 
Annular glass tube- 
Palen et a. (1979) 
Meyer and Hrnjak 
(2017) 




X-ray tomography- Jones and Zuber (1975), 
Vince and Lahey (1982), Harvel et al. (1996) 
ultrasonic tomography-Masala et al.(2007), 
Rahim et al. (2007) 
nuclear magnetic resonance imaging- 
Fukushima (1999) 
Power spectral density (PSD) distribution 
of the fluctuating wall pressure-






2.4 TWO-PHASE FLOW PATTERN MAP 
Two-phase flow pattern map is a model including various transition criteria to predict 
the local flow pattern under a certain condition. In the earlier research, a mixture of air 
and water was used to build up flow pattern maps such as by Alves [51], Baker [52], 
Mandhane et al. [53], Taitel and Dukler [33], and Weisman et al. [54]. This method did 
not consider the effect of fluid properties and the thermal interactions on the flow in the 
channel. In 1998, Kattan et al. [55] built up a diabatic flow regime map under more 
realistic evaporative conditions. The local flow pattern was observed directly at the exit 
of the evaporator tube test section, and the effects of heat flux and dry-out at high vapor 
quality conditions were investigated. Many researchers such as Zürcher et al. [56], 
Thome and El-Hajal [57], Wojtan et al. [58], and Mastrullo et al. [59] used the map of 
Kattan et al. [55] as a basis and improved it for different refrigerants in horizontal flow 
boiling. 
Internally micro-finned tubes are believed to increase heat transfer performance in 
two-phase flow because of the increasing heat transfer area and wetting characteristics. In 
order to further know the mechanism for heat transfer enhancement, flow patterns in 
internally micro-finned tubes were investigated by numerous researchers such as Yu et al. 
[26], Hatamipour and Akhavan-Behabadi [60], and Colombo et al. [24]. They found that 
the annular flow in the helical micro-finned tubes occurred at lower mass flux and vapor 
quality than in the smooth tubes. Therefore, the existing flow pattern map models 
developed for smooth tubes were not able to predict the flow pattern in the micro-finned 
tube correctly. Sharar et al. [61] considered the early transition to annular flow due to the 
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geometry effect and built up a map for micro-finned tubes. They modified the Wojtan et 
al. [58] flow pattern map originally developed for smooth tubes by adjusting the 
empirical constant based on the flow visualization data in the 18° helical micro-finned 
tubes published by Yu et al. [26] and Hatamipour and Akhavan-Behabadi [60]. Rollmann 
and Spindler [30] developed a flow pattern map for flow boiling in the micro-finned tube 
with 18° helix angle. They derived the equations for the transition curve based on their 
experimental data of R134a flow boiling. However, the above two maps were only 
developed for the micro-finned tube with 18° helix angle, and did not consider the effect 
of helix angle. 
2.5 LIMITATIONS OF PREVIOUS STUDIES 
Most of the research reviewed in section 2.2 focuses on the effect of helix angle on 
heat transfer coefficient and pressure drop in the helical micro-finned tubes. However, 
there is limited research concerned with boiling heat transfer in axial micro-finned tubes 
(0° helix angle), and the mechanism of heat transfer enhancement due to the straight 
micro-fin is not clear yet. Hence, the first objective of this research is to fill the 
aforementioned gaps in the literature through experimentation to develop fundamental 
understanding of the effect of the straight micro-fin on flow boiling.  
To better understand the heat transfer enhancement due to micro-fin geometry, two-
phase flow behavior was studied by many researchers with different approaches 
(summarized in Table 2-2). Most of the experiments were conducted with intrusive 
methods or sight glass method. For the intrusive method,  the original flow field of the 
flow behavior in the tube may be influenced. In the sight glass method, the glass tube 
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does not have the internal micro-fin geometry and most of the visualizations in them were 
carried out without heating (near adiabatic condition). Additionally, there is no related 
work discussing the flow patterns in axial micro-finned tubes (0° helix angle). The 
second objective of this research to improve the current visualization techniques and gain 
in-depth understanding of the micro-fin geometry effect on the two-phase flow behavior 
in evaporation. 
Flow pattern influences the wetting characteristics and the heat transfer mechanism in 
the channel, and a good flow pattern model is necessary for predicting heat transfer 
coefficient in the micro-finned tube. However, the two-phase flow pattern maps in the 
literature were mainly developed for the horizontal smooth round tube and only few for 
18° helical micro-finned tubes (one specific helix angle). The other objective is to build a 










Chapter 3 EFFECT OF AXIAL MICRO-FIN ON HEAT 




Axial micro-fins (0° helix angle) are important in aluminum tubes since they are 
made by extrusion, the least costly technology. Due to the inexpensive material and 
manufacturing process, the aluminum tube with internal axial micro-fins is attractive to 
the HVAC industry. In this chapter, the heat transfer coefficient and pressure drop during 
R410A evaporation in aluminum smooth and axial micro-finned tubes are experimentally 
investigated. 
3.2 EXPERIMENTS  
3.2.1 TEST APPARATUS 
Fig. 3-1 shows a schematic view of the facility. There are two independent loops: one 
for R410A and the other for water. The R410A loop is composed of a gear pump, mass 
flow meter, calorimeter, heat transfer test section, visualization section, horizontal 
pressure section, vertical pressure section, control heater, receiver and sub-cooler. The 
gear pump is used to circulate the refrigerant in an oil-free condition. Liquid R410A is 
pumped to the calorimeter, which is designed for controlling the vapor quality of the heat 
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transfer test section. After the heat transfer test section, a transparent visualization section 
can be found, which is designed to observe two-phase flow patterns near adiabatic 
condition. Horizontal and vertical pressure drops are in turn measured by differential 
pressure transducers near adiabatic condition. Behind the pressure measurement sections, 
there is a control heater for maintaining a desired saturation temperature in the loop. A 
plate heat exchanger located at the downstream of the loop enables the refrigerant to 
condense by exchanging heat with an R404A cooling unit, and a receiver is set at the 
outlet of the condenser for storing the liquid refrigerant. The water loop consists of a 
pump, mass flow meter, and a cartridge heater. The cold water is heated by the cartridge 
heater in order to provide the desired heat flux to the heat transfer test section. 
Water circuit in the test section
 




3.2.2 HEAT TRANSFER TEST SECTION 
As illustrated in Fig. 3-2(a), the heat is transferred to the refrigerant from two half 
cylinder brass pieces surrounding the aluminum tube assembly. The temperature of the 
brass pieces is controlled by the water circulating through the brass pieces. The brass 
pieces provide a uniform temperature distribution to the wall of the aluminum tube 
assembly by dampening the influence of the water temperature difference between the 
test section inlet and outlet. All gaps between the two brass pieces and the aluminum tube 
assembly are filled with high thermal conductivity paste to reduce the thermal contact 
resistance, and the upper and lower parts of the brass jackets are tightened with two metal 
band clamps. 
The inner aluminum tube is the heat transfer test section, 150 mm long with outer 
diameter of 7.0 mm. Due to the smaller outer diameter of the test section aluminum tube 
than the brass segments, two half-aluminum jackets are placed around it to form an 
aluminum tube assembly, shown in Fig. 3-2(b). Fig. 3-2(c) and (d) show the longitudinal 
view of aluminum jacket and the locations of thermocouples, respectively. There are four 
grooves on each aluminum jacket, designed for placing thermocouple wires. Four 
thermocouples at top, two sides, and bottom are attached at three locations along the test 
section.  So, twelve thermocouples in total are placed in the grooves and passed through 
the apertures with the rounding of the corners. In addition, the thermal paste is applied on 











Figure 3-2 Schematic of (a) heat transfer test section, (b) aluminum tube assembly, (c) 
aluminum jacket, and (d) locations of the thermocouples. 
3.2.3 GEOMETRIC SHAPES OF THE TEST TUBES  
Two types of extruded aluminum tubes were used: smooth tube and axial micro-
finned tube. Details of geometries including micro-fin structure are summarized in Table 
3-1. The smooth aluminum tube has an outer diameter of 7.0 mm and an inner diameter 
of 6.3 mm, as shown in Fig. 3-3(a). The axial micro-finned tube used in this study is 
special compared to most of the work in the literature. In the real manufacturing process 
of fin-tube type heat exchanger, the tube expansion technique is widely used to provide a 
better contact of the outside surface of the micro-finned tubes and external air-side fins. 
Hwang et al. [8] discussed the copper micro-finned tubes before and after tube expansion, 
and mentioned that the fin height and outer diameter changed from 0.20 mm to 0.16 mm 
(decrease of 20%) and 9.52 mm to 10.02 mm (increase of 5.25%) in this expansion 
process, respectively. In their results, heat transfer coefficient degraded 16.5% after 
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expansion process. Consequently, expansion process in micro-finned tube should be 
considered especially in aluminum tubes with thicker tube wall. 
In order to replicate this process, the OD 7.0 mm axial micro-finned tube without air-
side fins was expanded by drawing an expansion bullet (mandrel). Fig. 3(b) and 3(c) 
show the geometric shapes of the two axial micro-finned tubes before and after tube 
expansion. In Fig. 3-3(c), one of the unexpanded micro-fins is cut from Fig. 3(b) for 
comparison. It can be seen that the fin shape became flatter at the top and the fin height 
was reduced from 0.29 mm to 0.22 mm after tube expansion (decrease of 24%), while the 











Figure 3-3 Geometric shapes of the extruded aluminum tubes: (a) smooth tube, (b) 
unexpanded axial micro-finned tube, and (c) expanded axial micro-finned tube. 
 When micro-finned tube is discussed, it is important to specify the inner diameter of 
the tube. The inner diameter of the micro-finned tube used here is the “meltdown” 
diameter. The meltdown diameter is an imaginary inner diameter if the micro-fins in the 
tube were melted down on the inner tube wall. The detailed calculation for the meltdown 
diameter is generally based on the work of Zilly et al. [62] and described as follows.   
The area of cross section with tube material Acs is calculated by the sum of area of 
tube wall and the micro-fins. 
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− + =     (3-1) 
where Do is the outer diameter, Droot is the root diameter, nf is the number of micro-fins, 
and Af is the area of the cross section occupied by the material of the micro-fins. 













= −     (3-2) 
The resulting meltdown diameter for the expanded axial micro-finned tube is 6.305 mm. 
The inner surfaces of the tube samples were characterized with a 3D optical profiler in 
Vivanco Obeso and Hrnjak’s work [63]. The root-mean-square surface roughness (Rq) for 
the smooth and expanded axial micro-finned tube were, 5.13 μm and 1.00 μm, 
respectively. 
Table 3-1 Dimensions of the sample tubes 
Description Smooth tube Micro-fin tube 
Outer diameter [mm] 7.0 7.4 
Helix angle [°] - 0 
Inner diameter [mm] 6.3 - 
Meltdown diameter [mm] - 6.305 
Fin tip diameter [mm] - 6.08 
Root diameter [mm] - 6.52 
Fin height [mm] - 0.22 
Fin tip width [mm] - 0.17 
Fin base width [mm] - 0.17 
Number of fins - 58 
 
3.2.4 INSTRUMENTATION AND TEST CONDITIONS 
Temperatures in the facility are measured using T-type thermocouples with a 
calibrated accuracy of ±0.1 °C. The absolute pressure of R410A is determined with an 
absolute pressure transducer with an uncertainty of ±5.17 kPa. Horizontal pressure drop 
and vertical pressure drops of the sample tubes are evaluated by differential pressure 
transducers with the accuracy of ±2.5 Pa and ±80 Pa, respectively. The mass flow rate of 
R410A and the water are measured by a Coriolis Effect mass flow meter with an 
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accuracy of ±0.10% of the reading. Watt transducers with 0.2 % reading accuracy are 
used to determine electrical power inputs for the calorimeter and the water heater.  
R410A flow boiling heat transfer coefficients, horizontal pressure drop, and vertical 
pressure drop were measured with a variation of mass flux, heat flux, and vapor quality. 
The evaporation temperature was set at 10 °C, and the experiments were conducted with 
a refrigerant mass flux range from 100 to 450 kg/s-m2, a heat flux range from 10 to 20 
kW/m2, and a vapor quality range from 0.1 to 0.9. 
3.3 DATA REDUCTION 
For the purpose of determining an average heat transfer coefficient of R410A inside 
the sample tube, the heat transfer rate to the refrigerant is calculated first based on the 
energy balance in the test section illustrated in Fig. 3-4. The balance equation in the 
control volume can be written as the following equation: 
 410R A w amb condQ Q Q Q− −=     (3-3) 
where  410R AQ   means the heat transfer rate to the refrigerant, wQ  is the heat transfer rate 
from the water,  condQ  is the axially conductive heat loss through pipe conduction, and  













Figure 3-4 Energy balance in the heat transfer test section. 
The heat provided by the water is calculated by the measured mass flow rate of the water, 
the inlet temperature of the water, and the outlet temperature of the water in the heat 
transfer test section. 
 , , , ,( ) ( )w i w i w o w ow p pQ mC T mC T= −      (3-4) 
where Cpw,i and Cpw,o are the specific heat at the constant pressure corresponding to the 
inlet and outlet temperatures respectively. The water temperature was directly measured 
at the inlet and outlet of the water circuit of the test section, and the water temperature 
was typically around 3 °C. All thermocouples used in the facility were calibrated against 
a NIST-certified precision thermometer with accuracy of ±0.005 °C. The expanded 
uncertainty of the measured temperature was no greater than 0.08°C for a 95% 
confidence level. As a result, it is believed that the uncertainty of the measured 
temperature is less than 0.1°C. The expanded uncertainty of  wQ  is 4.21%.  
The heat loss from the test section to the environment through the insulation can be 
determined using Eq. (3-5)  
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 ambQ UA LMTD=      (3-5) 
where UA is 0.109 W/K obtained from the calibration test and LMTD is based on the 
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    (3-6) 
Note that 
1T  and 2T  are the temperature differences between the ambient and the 
water at the inlet and the outlet of the tube, respectively. 
The conductive heat loss in the axial direction through the pipe wall due to the higher 
wall temperature of the aluminum tube in the test section than that of the aluminum tube 
away from the test section, is estimated by a finite element method proposed by Jang and 
Hrnjak [64]. 
Once the heat transfer from the water, the heat loss to the environment, and the 
conduction heat loss are calculated, the refrigerant heat transfer rate can be known from 
Eq. (3-3), and then the average heat transfer coefficient of the R410A inside the sample 











    (3-7) 
where Asurf is calculated using the internal tube diameter or the meltdown diameter for the 
finned tube and the length of the test section, Twall is measured on the outside of the tube 
wall and corrected using 1-D heat conduction equation and Tsat is the refrigerant 
saturation temperature calculated based on the measured saturation pressure Psat.  
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Data regression and determination of the refrigerant properties are performed by 
utilizing Engineering Equation Solver [65]. In the program, R410A’s properties are 
evaluated based on the equation of state developed by Lemmon [66]. The vapor quality 
change along the 15 cm heat transfer test section is typically 0.02 and the highest vapor 
quality change is 0.06 as the mass flux is low and heat flux is high.  
The uncertainty of the average heat transfer coefficient is attributed to the uncertainties of 
the measurements of temperature, pressure, mass flow rate, and the electrical power input. 
The error propagation of the heat transfer coefficient is estimated by the method by 
Moffat [67], and the uncertainty is within the range of 4.7-12.8%. Besides, the 
medianvalues of the expanded measurement uncertainties for the parameters in the result 
section are listed in Table 3-2. The uncertainties are based on 95% confidence level.  
Table 3-2 Experimental uncertainties 
Parameter x (dP/dz)h (dP/dz)v HTC EF PF 
U (%) 3.83 0.59 1.43 6.46 6.49 1.01 
 
3.4 RESULTS AND DISCUSSION 
This section reports the experimental results of heat transfer coefficient, horizontal 
pressure drop, and vertical pressure drop in flow boiling. First, the experiments were 
conducted in smooth tubes. In order to ensure the reliability of the experiments, the first 
data was run under the subcooled conditions. The heat transfer coefficient in the single-
phase conditions are within the 4.6% and 10.4% of the values predicted by Dittus-
Boelter’s correlation [68] and Gnielinski’s correlation [69], respectively. Then, the 
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experiment was carried out in the two-phase region, and the data was compared with 
some correlations in the literature. After the baseline case was built, the flow boiling 
experiments in the axial micro-finned tube was performed. Finally, the obtained data in 
both tubes were compared and discussed. 
 
3.4.1  HEAT TRANSFER COEFFICIENT OF R410A IN SMOOTH TUBES 
Experimental data for heat transfer coefficient is available at saturation temperature 
of 10°C with heat fluxes of 10 and 15 kW/m2. The average heat transfer coefficients in an 
OD 7.0 mm smooth aluminum tube with mass flux of 180 kg/s-m2 at different qualities 
are compared with some correlations [70] [71] [72] [73] and presented in Fig. 3-5(a) and 
(b). The diamond symbols are the measured data, and the lines are the predictions based 
on the correlations [70-73]. The heat transfer coefficient increases with the rise of vapor 
quality and then decreases as the vapor quality is over 0.8. Table 3-3 demonstrates the 
comparison of the experimental results with several correlations. The error between the 
experimental results and the correlations is below 15%, and the experimental results are 










Figure 3-5 Experimental data of the average heat transfer coefficient inside smooth tubes vs. the 
correlations at different heat fluxes: (a) q=10 kW/m2, and (b) q=15 kW/m2. 
 
Table 3-3 Comparison of measured HTC with the correlations in evaporation 
Correlations 
Heat flux Average 
q=10(kW/m2) q=15(kW/m2)  
Shrock and Grossman [70]  11.50% 14.90% 13.20% 
Shah [71] 7.80% 12.60% 10.20% 
Gunger and Winterton [72] 7.30% 9.10% 8.20% 
Greco and Vanoli [73] 7.50% 8.30% 7.90% 
 
The effect of operating parameters on heat transfer coefficients was investigated. Fig. 
3-6(a) shows that the measured heat transfer coefficient (solid symbols) generally 
increases with the rise of mass flux. This trend is similar to that in Gungor and 
Winterton’s correlation (solid lines) [72], and it can be explained by the domination of 
convective boiling under the high mass flux conditions. In addition, the effect of heat flux 
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on the heat transfer coefficient inside the smooth tube is shown in Fig. 3-6(b). The heat 
transfer coefficient increases as the heat flux increases due to the dominance of nucleate 
boiling under this mass flux condition (G=180 kg/s-m2). However, the trend of the 
experimental result is a little different with Gungor and Winterton’s correlation [72] 
mentioned above in the high vapor quality region. The correlation shows that there is no 
significant influence of heat flux on heat transfer coefficient as vapor quality is high. This 
may be because the correlations used for comparison were built based on the copper tube. 
Properties such as thermal diffusivity and wettability are quite different between 













Figure 3-6 Average heat transfer coefficient of R410A inside the smooth tube at varying: 
(a) mass flux and (b) heat flux: experiments vs. Gungor and Winterton’s correlation [72]. 
 
 
3.4.2  PRESSURE DROP OF R410A IN SMOOTH TUBES 
Fig. 3-7(a) shows the horizontal pressure drop for R410A inside the smooth tube.  
Pressure drop was measured in 1 m long test sections immediately after the heat transfer 
test section. The saturation temperature was set at 10°C with heat flux of 15 kW/m2 and 
varying mass flux. The solid symbols in the figure indicate the experimental data in 
evaporation, and the open symbols under the single-phase conditions (x=0 and x=1) are 
the predicted values by the Darcy-Weisbach equation. As the vapor increases, the 
frictional pressure drop rises due to the increasing of the fluid velocity. When the vapor 
quality is higher than 0.8, part of the liquid film in the round tube disappears. Therefore, 
the friction caused by the wave generation decreases, which leads the pressure drop to 
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decline. Besides, pressure drop increases as mass flux increases because of the increasing 
friction. 
The experimental data are compared with Friedel’s correlation (solid lines) [74]. In 
general, the pressure drop data match the correlation very well when the mass flux or 
vapor quality is low and follow the trend when the mass flux is high. This can be 
explained by the flow regime based on the flow pattern map developed by Wojtan et al. 
[58]. When the mass flux is higher than 180 kg/s-m2 and the vapor quality is larger than 
0.5, annular flow is formed in the round tube. At this flow regime, the generated wave at 
the top of the tube increases the additional frictional force. When the vapor quality is 
lower than 0.5, the flow regime is stratified or stratified wavy flow. During this flow 
regime, the data has good agreement with Friedel’s correlation. 
The vertical pressure drop data was measured near adiabatic condition for up-flow of 
R410A inside the smooth tube and also compared with Friedel’s correlation, as shown in 
Fig. 3-7(b). The vertical pressure drop data generally follow the trend predicted by 
Friedel’s correlation. In addition, it is known that the vertical pressure drop is caused by 
gravitational effect and friction of the fluid. When the vapor quality is low, the 
gravitational effect dominates. In other words, the pressure drop principally comes from 
the liquid weight. With the increasing of vapor quality at this region, the liquid in the tube 
decreases, and thus the pressure drop declines. As the fluid velocity increases with the 










Figure 3-7 Pressure drop of R410A inside smooth tube (experiment vs. Friedel’s 




3.4.3 HEAT TRANSFER COEFFICIENT OF R410A IN AXIAL MICRO-
FINNED TUBES 
Fig. 3-8(a) and (b) display the heat transfer coefficient of R410A in the axial micro-
finned tube at saturation temperature of 10°C. The change of mass flux and vapor quality 
at the heat flux of 15 kW/m2 is shown in Fig. 3-8(a). It is seen that the heat transfer 
coefficient is enhanced as the mass flux increases because of the higher vapor shear. 
When the vapor quality is higher than 0.7, the mass flux influences more since the 
convective boiling dominates in this region. For the higher mass flux, the heat transfer 
coefficient does not depend on the vapor quality a lot. That is to say, the heat transfer 
coefficient is almost constant with the increasing of the vapor quality. On the other hand, 
the heat transfer coefficient decreases as the rise of vapor quality for the lower mass flux. 
Heat transfer coefficient drops at high vapor qualities indicating dry-out. The burn out 
and decomposition of the refrigerant are prevented since the test facility is designed to 
provide heat by controlled hot water instead of electric resistance or inductive heaters as 
many researchers do.  
The variations of the heat transfer coefficient at the mass flux of 180 kg/s-m2 with 
varying vapor quality and heat flux in the axial micro-finned tube is plot In Fig. 3-8(b). 
The trend of the heat transfer coefficient with the increasing of the vapor quality is 
similar at different heat fluxes. The heat transfer coefficient is almost constant when the 
vapor quality is low, and it decreases as the vapor quality is over 0.6. Furthermore, the 
heat transfer coefficient increases as the heat flux changes from 10 to 20 kW/m2 
especially at low vapor quality region due to the enhancement of the nucleate boiling. 
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Thus, the effect of heat flux on the heat transfer coefficient in the axial micro-finned tube 





Figure 3-8 Average heat transfer coefficient of R410A inside the axial micro-finned tube 
at varying: (a) mass flux and (b) heat flux. 
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3.4.4 PRESSURE DROP OF R410A IN AXIAL MICRO-FINNED TUBES 
Horizontal and vertical pressure drop for R410A in the axial micro-finned tube at 
10°C saturation temperature are plotted as a function of the vapor quality and mass flux 
in Fig. 3-9(a) and (b), respectively. As shown in Fig. 3-9(a), the horizontal pressure drop 
increases with vapor quality as the increases of vapor quality. It reaches the maximum 
when the vapor quality is about 0.8 and then decreases. At constant vapor quality, the 
horizontal pressure drop increases as the mass flux increases. Fig. 3-9(b) shows the 
measured pressured drop data for vertical flow. When the vapor quality is low, the 
gravitational effect dominates. As the vapor quality increases, the pressure drop decreases 
because of the diminishing of the liquid quantity. As the vapor quality is higher than 0.5, 
the frictional pressure dominates, and therefore the vertical pressure drop strongly 
depends on the fluid velocity. 
(a) 
 





Figure 3-9 Pressure drop of R410A inside axial micro-finned tube at varying quality and 
mass flux: (a) horizontal pressure drop (b) vertical pressure drop. 
3.4.5 COMPARISON OF SMOOTH AND MICRO-FIN TUBES 
This subsection compares the data for the axial micro-finned tube with the data for 
the smooth tube. The axial micro-finned tube has a meltdown diameter of 6.305 mm 
compared to the inner diameter of the smooth tube of 6.30 mm. Experimental data for 
heat transfer coefficient is available at saturation temperature of 10°C with mass flux of 
100 and 180 kg/s-m2 and heat flux of 15 and 20 kW/m2.  
The heat transfer coefficients for an axial micro-finned tube and a smooth tube are 
compared at different qualities, as shown in Fig. 3-10(a). In general, the heat transfer 
coefficient in the axial micro-finned tube is around 30% higher than the smooth tube. In 
addition, the straight micro-fins have stronger influence of the heat transfer coefficient as 
the mass flux and vapor quality is low. Under these conditions, the flow pattern is 
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stratified flow or stratified wavy flow, and the liquid-phase refrigerant may be easily 
trapped in the grooves of the axial micro-finned tube. Much more wetted area on the tube 
enhances the overall heat transfer coefficient.  
The horizontal pressure drop in the axial micro-finned tube is compared with the 
smooth tube at different mass fluxes, as shown in Fig. 3-10(b). As expected, the axial 
micro-finned tube has higher pressure drop than the smooth tube. The pressure drop 
penalty of the straight micro-fins is significant when the mass flux and vapor quality are 
high. There is something interesting that is worthy to discuss when the mass flux and 
vapor quality are low. The penalty factor is less than 1 under some conditions. In other 
words, the pressure drop in the axial micro-finned tube is even lower than that in the 
smooth tube. A few studies such as Kim [75] and Kelly et al. [76] showed the similar 
results but the reason is still not clear. The possible reason maybe comes from the control 
of the experimental conditions. For example, the max flux is calculated by using the inner 
diameter in the smooth tube and by the meltdown diameter in the axial micro-finned tube. 
In other words, which diameter used in the micro-finned tube is important, and it 













Figure 3-10. Effect of mass flux on (a) heat transfer coefficient and (b) horizontal 





Fig. 3-11(a) compares the heat transfer coefficient in both micro-finned tubes and 
smooth tubes for two heat fluxes. The heat transfer coefficient curves of the smooth and 
the micro-finned tube shift upward as the heat flux increases. The trend of heat transfer 
coefficient with varying vapor quality in both of the tubes do not change. In Fig. 3-11(b), 
it is shown that heat flux does not affect the pressure drop in both of the tubes as expected. 
The horizontal pressure drop increases as the increase of the vapor quality until it reaches 
the maximum. The pressure drop then decreases when the vapor quality is higher than 0.8 
because the partial dry-out takes place inside the tube. Besides, the maximum of the 
horizontal pressure drop in the axial micro-finned tube occurs at lower vapor quality than 
the smooth tube. This can be explained by the dry-out that occurs earlier at the fin tips of 
the axial micro-finned tube than the smooth tube. 
(a) 
 







Figure 3-11. Effect of heat flux on (a) heat transfer coefficient and (b) horizontal pressure 
drop in the axial micro-finned tube and smooth tube at varying quality and constant mass 
flux (180 kg/s-m2). 
Micro-fin structure plays an important role in two-phase flow and heat transfer. It 
enhances the heat transfer coefficient in the round tube but also increases pressure drop. 
To evaluate the geometry for enhanced heat transfer, there are two common parameters, 
enhancement factor and penalty factor, used in the literature. Enhancement factor (EF) is 
defined as the ratio of heat transfer coefficient for micro-finned tube to that for smooth 








=     (3-8) 
Similarly, penalty factor (PF) is defined as the ratio of horizontal pressure drop between 












=     (3-9) 
The comparison of EF with respect to mass flux and vapor quality in the axial micro-
finned tube are shown in Fig. 3-12(a). It indicates that the EF increases with the 
increasing mass flux, and decreases with the increasing of the vapor quality. Overall, the 
EF ranges from 1.03 to 1.48, and the average is 1.34. However, surface enlargement due 
to micro-fins is around 1.6 indicating that most of the heat transfer performance is due to 
the increasing fin surface area. Fig. 3-12(b) shows the comparison of PF with varying 
mass flux and vapor quality, and the influence of vapor quality on the PF appears related 
to the flow regime. Based on the flow pattern map developed by Wojtan et al. [58], the 
flow regime in evaporation is stratified wavy or intermittent when the vapor quality is 
lower than 0.5. At these flow regimes, the PF increases with the increasing of mass flux 
and vapor quality.  When the vapor quality is higher than 0.5, the flow regime for G=300 
kg/s-m2 becomes annular flow, and the PF decreases with the increasing of vapor quality. 














Figure 3-12. (a)Enhancement factor and (b) penalty factor in the axial micro-finned tube 




3.5 SUMMARY AND CONCLUSIONS 
This chapter presents experimental investigation of the heat transfer coefficient and 
pressure drop in evaporation of R410A inside axial micro-finned tubes and smooth tubes. 
The saturation temperature was fixed at 10°C, and the test range covered the heat flux 
from 10 to 20 kW/m2, and mass flux from 100 to 450 kg/s-m2. The following conclusions 
can be drawn. 
• The heat transfer coefficient and the pressure drop in the smooth tube show good 
agreement with several correlations, both in single and two phase flow, thus the 
baseline case is well established for comparison of the performance in the axial 
micro-finned tube. 
• Nucleate boiling dominates at the low vapor quality region, and convective 
boiling dominates with the increasing of vapor quality. 
• The axial micro-finned tube effectively enhances HTC, and its EF ranges from 
1.03 to 1.48 with average of 1.34. The PF ranges from 0.66 to 1.6, and the 
average is around 1.23. Nevertheless, surface enlargement due to micro-fins is 
around 1.6 indicating that most of the heat transfer performance is due to the 
increasing fin surface area. 
• When the mass flux and vapor quality are low, the flow pattern is stratified flow 
or stratified wavy flow. The liquid-phase refrigerant during this flow pattern may 
be easily trapped in the grooves of the axial micro-finned tube, and thus the 




• Partial dry-out in the axial micro-finned tube occurs at lower vapor quality than 
the smooth tube, which causes that the heat transfer coefficient and pressure drop 











Chapter 4 VISUALIZATION OF TWO-PHASE FLOW IN 
HORIZONTAL SMOOTH AND AXIAL MICRO-FINNED 
TUBES 
4.1 INTRODUCTION 
The focus of this chapter is to investigate the effect of axial micro-fins on two-phase 
flow behavior in horizontal round tubes. In the past, the two-phase flow regime in the 
micro-finned evaporator tube has been visualized either by a sight glass in the smooth 
tube or special angular cut of the tube end placed in a chamber with visual access.  
Compared to theses traditional methods, a novel visualization technique that uses a 
transparent tube with real micro-finned geometry is proposed. Visualization data in 
transparent axial micro-finned and smooth tubes are presented and discussed in terms of 
mass flux, vapor quality and geometry effects. 
4.2 EXPERIMENTS 
4.2.1 TEST APPARATUS 
Fig. 4-1 shows a schematic view of the experimental facility, which consists of a 
refrigerant loop for testing and a water loop for controlling the heat flux conditions. The 
refrigerant loop (blue solid line in the schematic) consists of a gear pump, a Coriolis mass 
flow meter, calorimeter, heat transfer test section, visualization section, control heater, 
receiver and sub-cooler. Liquid R410A without oil is first pumped by a gear pump to the 
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calorimeter, designed for controlling the inlet vapor quality of the refrigerant in the heat 
transfer test section. In the calorimeter, the subcooled refrigerant is heated by an electric 
heater of which supplied power is manually controlled and measured by a wattmeter. The 
heat transfer test section is composed of the aluminum test tube, two half cylinder brass 
pieces, water pipe circuits, and thermocouples, and whose details are described in 
Chapter 3. The visualization section is installed at the exit of the heat transfer section for 
observing the two-phase flow behavior. Horizontal and vertical pressure drops are in turn 
measured by differential pressure transducers at near-adiabatic conditions. A control 
heater regulated by a PID controller is used to maintain a desired saturation temperature 
in the test sections. At the downstream of the refrigerant loop, there is a plate heat 
exchanger connected to an R404A cooling unit for condensing the refrigerant, and the 
liquid refrigerant is stored in a receiver. Water, circulated with a micro pump in the other 
loop (red broken line in the schematic), is used as a secondary fluid to heat the refrigerant 
in the test section. The water is heated to the desired temperature by a cartridge heater 
prior to entering the heat transfer test section, and its mass flow rate is measured with a 






































Figure 4-1 Schematic drawing of the test facility. 
Temperatures in the facility are measured using T-type thermocouples with a 
calibrated accuracy of ±0.1 °C. The absolute pressure of R410A is determined with an 
absolute pressure transducer with an uncertainty of ±5.17 kPa. The mass flow rate of 
R410A and the water are measured by a Coriolis Effect mass flow meter with an 
accuracy of ±0.10% of the reading. Watt transducers with 0.2 % reading accuracy are 
used to determine electrical power inputs for the calorimeter and the water heater. 
4.2.2       VISUALIZATION SECTION 
Flow visualization was conducted at the downstream end of the heat transfer test 
section to visualize the two-phase flow behavior. As was mentioned, a conventional sight 
glass without internal micro-fin geometry might influence the flow structure and not 
reflect the real flow regimes inside the micro-finned tubes. Therefore a novel 
visualization measurement technique was used. A 21-cm long transparent micro-finned 
tube with the same inner diameter and fin geometry as the aluminum test tube was 
manufactured by a 3D printer. The 3D printer used here is a stereolithography system 
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(SLA), which provides a beam diameter of 0.075±0.015 mm with a minimum feature size 
of 0.02 mm in High Resolution (HR) mode. The printed material is WaterClear Ultra 
10122, which is a type of optically clear resin with ABS-like properties and good 
temperature resistance.  
Two types of 3D-printed resin tubes were utilized for visualizing flow patterns: a 
smooth tube and an axial micro-finned tube, as shown in Fig. 4-2. The inner diameter and 
fin geometry are similar to the aluminum tubes used in the heat transfer test section, but 
the wall thickness is thicker than the aluminum tubes in order to maintain a factor of 
safety over the burst pressure. The transparent smooth tube is used as a baseline for 
investigating the effect of the straight micro-fins on flow in evaporation. It has an outer 
diameter of 9.525 mm and an inner diameter of 6.32 mm, as shown in Fig. 4-2(a). The 
transparent micro-finned tube has 58 fins with outer diameter of 9.525 mm and fin-tip 










In the heat transfer section, a 15 cm aluminum tube without and with micro-fins is 
used, and its main geometrical characteristics are summarized in Table 3-1. Fig. 4-3(a)-(c) 
show the details of micro-fin geometries in the aluminum and resin tubes for this research, 
which were measured through the microscopic pictures with CAD software. It is worth 
mentioning that the aluminum micro-finned tube used in the facility is special compared 
to most of the related work in the literature. The micro-finned tubes of this study are 
expanded by drawing an expansion bullet (mandrel), which reflects the real 
manufacturing process in fin-tube type heat exchangers. The micro-finned tubes before 
and after the expansion process are demonstrated in Fig. 4-3(a) and (b). In Fig. 4-3(b), a 
small portion of unexpanded micro-finned tube was cut from Fig. 4-3(a) for comparison 
of geometry deformation, and it is found that the shape of the fin tip became flatter, and 
the fin height was reduced from 0.29 mm to 0.22 mm after the tube expansion, while the 
outer diameter became 7.44 mm. The expansion process has been proven to influence the 
performance by Hwang et al. [77], and, therefore, the expanded micro-finned tube is 
researched. The 3D printed clear micro-finned tube for visualization mimics the inner 
geometry of the expanded micro-finned tube. Fig. 4-3(c) displays its real geometry and it 
is found that the fin height and fin width in the resin tube are 0.23 mm and 0.12 mm, 
whereas in the aluminum tube they are 0.22 mm and 0.17 mm, respectively. The 
discrepancy of geometry is attributed to the resolution of the 3D printer, but it is 






(a) (b) (c) 
   
Figure 4-3 Geometric shapes of the (a) unexpanded aluminum micro-finned tube (b) 
expanded aluminum micro-finned tube, and (c) 3D printed micro-finned tube. 
The 3D printed clear micro-finned tube is installed at the exit of heat transfer section 
with a 2 cm long connection. It is believed that the flow pattern in the resin tube is close 
to that in the aluminum micro-finned tube of the heat transfer section since the geometry 
is the same. The 3D printed tube is 21 cm long, and the two-phase flow patterns shown in 
this research are captured at the midstream of the tube. It has been checked that there is 
no significant difference in the videos captured at different longitudinal locations. 
Consequently, the inlet effect may be small. In addition, misalignment might slightly 
affect the flow regime. It is hard to have a perfect alignment for the clear tube and metal 
tube even though there is no connection section between the two tubes. However, it is 
believed that the influence is not significant because the momentum is preserved even 
with the misalignment.  Two-phase flow behavior in the 3D printed tubes was captured 
through a Phantom V4.2 monochromatic high-speed camera with a 55-mm Nikon lens. 
The sampling rate was set as 3000 fps with a resolution of 512x256 pixels. The captured 
video covers a 2 cm length of the clear tube with the whole diameter. In addition, a 25 W 
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cool white LED light panel was used to provide intense back light, which is located 6 cm 
behind the tube.  
4.2.3 TEST CONDITIONS AND UNCERTAINTY ANALYSIS 
Two-phase flow of R410A was visualized in the transparent micro-finned and smooth 
tubes. The evaporation temperature and heat flux were set at 10 °C and 15 kW/m2, 
respectively. The experiments were conducted with a refrigerant mass flux range from 
100 to 300 kg/s-m2, and a vapor quality range from 0.1 to 0.9.  
The operating condition of the two-phase flow pattern is defined by the saturation 
temperature,  the mass flux, and the inlet vapor quality. The refrigerant saturation 
temperature Tsat is calculated based on the measured saturation pressure Psat. The heat 
flux provided to the refrigerant in the heat transfer section is estimated through the heat 
transfer from the water (secondary fluid) subtracting the heat loss from the test section to 
the ambient and the conductive heat loss in the axial direction through the pipe wall. The 
details of the calculation can be referred to Section 3.3. Data regression and 
determination of the refrigerant properties are performed by utilizing Engineering 
Equation Solver [65]. In the program, R410A’s properties are evaluated based on the 
equation of state developed by Lemmon [66]. 
The overall measurement uncertainty of the mass flux, inlet vapor quality, and the 
saturation temperature are calculated with the error propagation method by Moffat [67]. 
The result of an operation condition U is assumed to be a function of a set of N 
independent variables (measurements) represented by 
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 ( )1 2, , , NU U X X X=      (4-1) 
The overall uncertainty δU is determined by combining the uncertainties of the 















     (4-2) 
where the partial derivative of U represents the sensitivity with respect to the 
measurement Xi and δXi is the uncertainty of each measurement. The median values of 
the expanded measurement uncertainties for the parameters in the operation conditions 
are listed in Table 4-1. The uncertainties are based on 95% confidence level. 
Table 4-1 Experimental uncertainties for the operating conditions of two-phase flow 
Parameter Tsat q G x 
U (%) 0.46 4.18 1.59 0.59 
 
4.3 IMAGE ANALYSIS TECHNIQUE 
The objective of the image processing analysis is to detect the location of the liquid-
vapor interface. Because of the large number of images obtained in this study, an image 
analysis technique was employed to offer a more statistically based comparison to the 
information processed through the eye of the experimentalist.  The method used to 
analyze the image generally followed Bowers and Hrnjak’s work [78] for the liquid-
vapor interface in horizontal smooth tubes but with some modification in the micro-
finned tube.  
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First, the images captured by the high speed camera in the experiments are converted 
into pixel values, which describe the brightness of the pixel. The pixel values range from 
0 to 255 (i.e., 8-bit), where 0 is a fully black pixel and 255 is a white pixel. A pixel with 
grayness is given a pixel value between 0 to 255 and is proportional to its light intensity. 
In this study, each image is converted into a 512×256 matrix. Once the matrix has been 
generated, the location of the liquid-vapor interface is analyzed column by column.  
For each column, the liquid-vapor interface occurs at the place where the pixel value 
changes sharply. To find the location with sharp change of pixel value, a five-point 
moving standard deviation for point i is calculated by finding the standard deviation of 















= −     (4-3) 
where Pm is pixel value for point m in the analyzed column and μ is the average value of 
the five points. 
 5 , 2 1 1 2( ) / 5p i i i i i iP P P P P − − + += + + + +     (4-4) 
In Bowers and Hrnjak’s work [78], the authors mentioned that using a set value as a 
criterion for moving point standard deviation might lead to several points that satisfied 
the criterion. Therefore, they used a statistical tool, known as change point analysis, to 
improve the above method. The sharpest change point of the data is found by the 
calculation of the cumulative sums estimator (CUSUM). The first CUSUM at the first 
location (i=0) is set to zero, and the subsequent CUSUM is based on the previous value 
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with the addition of the difference between the current five-point moving standard 
deviation and the average value of the five-point moving standard deviation. 
 5 ,1 5 )( pi i i pCUSUM CUSUM  − −= +     (4-5) 
where 
 5 5 , 5 , 1 5 , 1( ) /p p i p i p i n n   + + −= + + +     (4-6) 
The liquid-vapor interface occurs at the location with the maximum value of the absolute 
CUSUM. Detailed calculation and more examples are described in Bowers and Hrnjak’s 
work [79]. Fig. 4-4 shows the liquid-vapor interfaces determined by the above method 
overlaid on the analyzed images in the smooth tube, and it seems this method tracks the 
liquid-vapor interface very well. 
(a) (b) 
G=180 kg/m2s, x=0.35 G=180 kg/m2s, x=0.5 
Figure 4-4 Liquid-vapor interface in the smooth tube determined through the change 
point analysis overlaid onto analyzed image. 
For the transparent micro-finned tube, the fin geometry changed the brightness of the 
pixels, so the above method does not work if there is no pre-processing of the data. The 
change point method mentioned above determines the location of the liquid-vapor by 
finding the place where the pixel value changes sharply. However, the pixel value 
changes strongly in each border between fin and groove (the pixel is darker at the fin 
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location), and this makes the original method fail to predict the location of the liquid-
vapor interface, as shown in Fig. 4-5. Therefore, the pre-processing is needed to remove 
or decreases the influence of the fin geometry on the image. 
 
Figure 4-5 Tracking the liquid-vapor interface in the axial micro-finned tube determined 
through the change point analysis (without pre-processing of mean filtering). 
 
Since the fin geometry acts like fixed noise in the signal, mean filtering – commonly 
used for reducing noise – is implemented to smooth the image. The pixel value in each 
location is replaced by the average values of its neighborhood including itself. After this 
process, the fixed noise in the image is removed.  Take a 3×3 square kernel as an 
example. As shown in Fig. 4-6, the pixel value at the specified location (center of the 
kernel) is replaced by the average of all 9 values nearby. 
 
Figure 4-6 Mean filtering example. 
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This filtering process creates a new pixel value to replace the original one in each 
calculated location. After this process, the sharp change of the pixel value between the 
upper and bottom tube boundary represents the location where the liquid-vapor interface 
occurs. Once the new 512×256 matrix has been generated, the change point analysis 
mentioned above is conducted. The liquid-vapor interface in the axial micro-finned tube 
overlaid on the analyzed images are presented in Fig. 4-7. It is seen that this method is 
able to detect the liquid-vapor interface in the axial micro-finned tube. 
(a) (b) 
G=180 kg/m2s, x=0.35 G=180 kg/m2s, x=0.5 
Figure 4-7 Liquid-vapor interface in the axial micro-finned tube determined through the 
Change Point Analysis overlaid onto analyzed image. 
The location of the liquid-vapor interface estimated with the above method referred to 
the pixel unit. The real length unit of the location is converted through the calibration 









y mm y pixel
l
=      (4-7) 
where is y is the location of the interface in millimeters, yp is the location in pixel unit, 
lcal,mm the length of the calibration element in millimeters, and lcal,p is the length in pixel 
unit. 
To support this image processing technique, a detailed evaluation of the uncertainty is 
needed. The uncertainty of the location of the liquid-vapor interface is attributed to the 
67 
 
estimated number of pixels from the bottom of the tube to the interface and the 
calibration element (conversion of millimeters and pixels). The error propagation is 
conducted with the root-sum-square method in Eq. (4-2), and thus the expanded 
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where δyp refers to the uncertainty of location from tube bottom to liquid-vapor interface 
and a 2 pixel uncertainty is considered for the boundary of the tube bottom and liquid-
vapor interface. δlcal,mm is the uncertainty of the length in millimeter unit for the 
calibration element, and it is 0.5 mm in our case (half of the smallest scale interval). δlcal,p 
is the uncertainties of the length in pixel unit for the calibration element, and a 2 pixel 
uncertainty is considered. The expanded uncertainty of the estimated location of the 
liquid-vapor interface is within the range of 1.41-8.66%, and the median value of the 
overall uncertainty is 2.53%. 
4.4 RESULTS AND DISCUSSION 
This section reports the experimental results of the visualization of two-phase flow 
for R410A in 3D printed smooth and axial micro-finned tubes. The flow patterns 
captured in horizontal flow are first characterized. Then, the flow patterns under various 
conditions of mass flux and vapor quality are presented and compared with the existing 




4.4.1       FLOW PATTERN CHARACTERIZATION IN ROUND TUBES 
The objective of this section is to introduce and characterize the main types of flow 
pattern observed in horizontal round tubes (both smooth and micro-finned tubes). The 
flow patterns observed in this study are classified into three groups: stratified, 
intermittent, and annular flow. The stratified flow pattern is characterized by the 
separation of liquid and vapor due to gravity. Vapor flows at the top and liquid flows at 
the bottom of the tube. This flow pattern can be further subdivided into stratified-smooth 
(SS) and stratified-wavy (SW), as shown in Fig. 4-8(a) and (b). The SS flow pattern 
occurs when the liquid and vapor velocity are low enough that the interface remains 
relatively smooth. As the vapor velocity increases, waves are initiated because the 
pressure and shear work on a wave overcome the viscous dissipation in the wave. In the 
region of SW, the magnitude of the waves is not enough to reach the top of the tube. Thus, 







G=40 kg/m2s, x=0.32 
 
G=180 kg/m2s, x=0.2 
Figure 4-8 Schematic and photo image of stratified flow patterns of R410A in smooth horizontal 
tubes: (a) stratified smooth (SS) and (b) stratified wavy (SW). 
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As the amplitude of the interfacial wave becomes sufficient to block the gas core, it is 
characterized as intermittent flow (I), as presented in Fig. 4-9(a). At very low vapor 
quality (void fraction is relatively low), the elongated bullet-shaped bubbles flow along 
the upper part of the tube, which is usually called plug flow, as shown in Fig. 4-9(b). The 
other type of intermittent flow is slug flow, and the captured photo from the experiment is 
demonstrated in Fig. 4-9(c). This flow pattern occurs when the mass flux is increased at a 
constant vapor quality.  The interfacial wave grows to crest at the top of the tube and the 
flow goes back to stratified flow periodically. It is to be noted that intermittent flow only 






G=180 kg/m2s, x=0.06 G=250 kg/m2s, x=0.1 
Figure 4-9 Intermittent flow pattern of R410A in smooth horizontal tubes: (a) schematic, 
(b) plug flow, and (c) slug flow. 
The other main flow pattern in two-phase horizontal flow is annular flow.  When the 
liquid film wets the entire tube periphery, the flow is characterized as annular flow. The 
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annular flow can be further subdivided into wavy-annular (WA) and fully annular (A) 
according to the wave behavior, as shown in Fig. 4-10(a) and (b). In the WA flow pattern, 
the disturbance waves carry mass along the tube, and present a thicker film thickness at 
the bottom of the tube. For the fully annular flow (A), the film thickness is thinner and 
more uniform around the tube. More details and the differences in wave behavior 






G=250 kg/m2s, x=0.6 G=250 kg/m2s, x=0.8 
Figure 4-10 Schematic and photo image of annular patterns: (a) wavy annular (W/A) and 
(b) annular (A). 
 
4.4.2       VISUALIZATION OF TWO-PHASE FLOW IN HORIZONTAL 
SMOOTH TUBES 
The effect of the operation condition (various mass flux and vapor quality conditions) 
on the flow pattern observed in the smooth tube is discussed in this section. Fig. 4-11(a)-
(c) show the side views of the flow patterns in the 3D printed clear smooth tube at the 
saturation temperature of 10 °C for mass fluxes of 100, 180, and 250 kg/m2s. For the 
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mass flux G=100 kg/m2s, the momentum of the flow is low, and the liquid and vapor are 
naturally separated into two layers due to gravity. When the vapor quality is low, the 
equilibrium liquid level is around 30%-40% of the tube diameter. The wave at the 
interface triggered by the Kelvin-Helmholtz instability is strong enough to fully bridge 
the tube, so the flow pattern is intermittent flow. As the vapor quality increases, the main 
liquid level declines. The wave is insufficient to reach the top of the tube and the flow 
becomes stratified wavy. For the mass flux G=180 kg/m2s, the flow pattern starts with the 
intermittent flow and becomes stratified wavy flow as vapor quality increases over 0.2. 
With further increase of vapor quality, the higher gas velocity extends the interfacial 
waves around the circumference and leads the liquid to climb up the wall to form the 
annular flow. For the mass flux G=250 kg/m2s, the higher momentum enables the liquid 
refrigerant to reach the top of the tube easily and thus the annular flow occurs at an 
earlier vapor quality condition.  
The observed flow patterns in the transparent smooth tube from the present study are 
compared with the diabatic two-phase flow pattern map developed for horizontal flow 
boiling by Wojtan et al. [58]. The transition equations in the map of Wojtan et al. are 
modified and improved based on the map of Kattan et al. [55] with 1250 new flow 
boiling data points for R22 and R410A covering the mass flux from 70 to 700 kg/s-m2 
and heat fluxes from 2.0 to 57.5 kW/m2. The test condition ranges covered by Wojtan et 
al. are extended to: 70≤ G ≤ 700 kg/s-m2, 0.04 ≤ x ≤ 1, and 0.4 ≤ q ≤ 57.5 kW/m2. 
The experiments in this work were conducted at q=15 kW/m2 with a refrigerant mass flux 
range from 100 to 300 kg/s-m2, and a vapor quality range from 0.1 to 0.9. Thus, the test 
matrix is in the applicable range of the map of Wojtan et al.. In Fig. 4-12, the solid and 
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hollow symbols are the visualization data in the experiments and the black solid lines are 
the transition curves from the equations in Wojtan’s paper. Note that the slug flow, 
slug+SW, and intermittent flow are not separated in our experimental data and all of them 
are marked as intermittent flow (I). The results show that our experimental data agree 
well with the map of Wojtan et al. under higher vapor quality conditions (x>0.5) but there 
exist some differences at the low vapor quality region. 
(a) 
 G=100 kg/m2s, x=0.1, 
I 
 G=100 kg/m2s, x=0.2,  
I 
 G=100 kg/m2s, x=0.35, 
SW 
 G=100 kg/m2s, x=0.6, 
SW 
 G=100 kg/m2s, x=0.8, 
SW 
(b) 
 G=180 kg/m2s, x=0.1, 
I 
 G=180 kg/m2s, x=0.2, 
SW 
 G=180 kg/m2s, x=0.35, 
SW 
 G=180 kg/m2s, x=0.6, 
WA 
 G=180 kg/m2s, x=0.8, 
A 
(c) 
 G=250 kg/m2s, x=0.1, 
I 
 G=250 kg/m2s, x=0.2, 
SW 
 G=250 kg/m2s, x=0.35, 
WA 
 G=250 kg/m2s, x=0.6, 
WA 
 G=250 kg/m2s, x=0.8, 
A 
Figure 4-11 Two-phase flow patterns of R410A in the smooth tube at the saturation 
temperature of 10°C with different mass flux conditions:  (a) 100 kg/m2s, (b) 180 kg/m2s, 




Figure 4-12 Comparison of the two-phase flow patterns in the smooth tube with the flow 
pattern map Wojtan et al. [58]. 
The map of Wojtan et al. doesn’t predict the intermittent flow in the experiments well. 
The I-A and or I-S transition in the map of Wojtan et al. is kept at a fixed Martinelli’s 
parameter of 0.34, which is a vertical line (constant vapor quality) in a G-x type flow 
pattern map. However, there was no slug flow shown in the experiments as the vapor 
quality was over 0.3, so the transition of I-A and I-S (or slug + SW flow to SW) should 
be shifted to the left. This maybe because the diameter of the clear tube for visualization 
is different. The inner diameter of the glass tube in the experiment of Wojtan et al. is 
13.84 mm, whereas the inner diameter of the resin tube in this work is 6.3 mm. The I-S or 
I-A transition in the map of Wojtan et al. is originally derived from Taitel and Dukler’s 
map [33], which suggested this transition with the following physical meaning: a 
sufficient equilibrium liquid level in the stratified flow is a criterion to maintain a slug or 
intermittent flow. Therefore, the main liquid level in the smaller tube is lower due to a 
larger surface tension force, which makes it difficult to form slug flow at a higher vapor 
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quality. Barbieri et al. [81] found a similar trend in their experiments and mentioned the 
transition vapor quality decreases with the mass velocity increases and increases with the 
tube diameter. 
4.4.3       VISUALIZATION OF TWO-PHASE FLOW IN AXIAL MICRO-
FINNED TUBES 
In contrast to the traditional visualization through glass tubes without internal micro-
fin geometry, the two-phase flow patterns of R410A were studied in a transparent micro-
finned tube. The flow regimes are visualized at the saturation temperature of 10 °C as a 
function of vapor quality and mass flux, as shown in Fig. 4-13(a)-(c). The flow regimes 
with various mass flux and vapor quality conditions are generally similar to that in the 
transparent smooth tube mentioned in the previous section. For the lower mass flux case 
(G=100 kg/m2s), the flow pattern changes from intermittent flow to stratified wavy flow 
as the vapor quality increases. For the middle mass flux case (G=180 kg/m2s), the 
interfacial waves around the circumference are stronger such that the liquid is able to 
climb up along the wall to form annular flow. Consequently, the stratified wavy flow 
becomes annular flow when vapor quality is over 0.5. Higher mass flux (G=250 kg/m2s) 
provides more momentum to the fluid and the annular flow occurs at an earlier vapor 
quality condition. Although the flow pattern type does not change, axial micro-fins do 
influence the flow of refrigerant inside the round tube. The thin layer of the liquid 
refrigerant close to the tube wall flows inside the grooves along the longitudinal direction. 
The liquid-vapor interface captured in the axial micro-finned is, therefore, like a zigzag 
shape rather than a continuous shape similar to the smooth tube. Besides, there is another 
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phenomenon investigated in the axial micro-finned tube. When the vapor quality is low, 
the flow pattern inside the horizontal tube is intermittent or stratified wavy flow. The 
intermittent growing wave brings the liquid refrigerant to reach a higher location in the 
tube, and some liquid refrigerant is trapped in the top or side of the grooves due to the 
surface tension force while the amplitude of the wave recovers to the equilibrium level. 
As a result, the main liquid level in the micro-finned tube is lower than that in the smooth 
tube under the same conditions. 
 
(a) 
 G=100 kg/m2s, x=0.1, 
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 G=100 kg/m2s, x=0.2,  
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 G=100 kg/m2s, x=0.35, 
SW 
 G=100 kg/m2s, x=06, 
SW 
 G=100 kg/m2s, x=0.8, 
SW 
(b) 
 G=180 kg/m2s, x=0.1, 
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 G=180 kg/m2s, x=0.2, 
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 G=180 kg/m2s, x=0.6, 
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(c) 
 G=250 kg/m2s, x=0.1, 
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 G=250 kg/m2s, x=0.2, 
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 G=250 kg/m2s, x=0.35, 
WA 
 G=250 kg/m2s, x=0.6, 
WA 
 G=250 kg/m2s, x=0.8, 
A 
Figure 4-13 Two-phase flow patterns in the axial micro-finned tube at the saturation 
temperature of 10°C with different mass flux conditions:  (a) 100 kg/m2s, (b) 180 kg/m2s, 
(c) 250 kg/m2s. 
Since there is no related flow pattern map for axial micro-finned tube in the open 
literature, the observed flow pattern is also compared to Wojtan et al’s map [58] 
developed for a smooth tube. In Fig. 4-14, the solid and hollow symbols are the 
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visualization data inside the axial micro-finned tube and the black solid lines are the 
transition curves from the equations in Wojtan’s paper. A similar conclusion is drawn 
like for the smooth tube that the equations provided in the map of Wojtan et al. predict 
the flow regimes well when vapor quality is higher than 0.5 but the transition of I-A and 
I-S might be modified and is suggested to shift to the left. Compared to the experimental 
data inside the smooth tube in Fig. 4-12, it is seen that there is no significant difference. 
In other words, axial micro-fins do not provide additional force to lift up the liquid in the 
round tube and the annular flow pattern does not occur earlier (at low vapor quality or 
mass flux conditions) than in the smooth tube.  
 
Figure 4-14 Comparison of the two-phase flow patterns in the axial micro-finned tube 




4.4.4 COMPARISON OF THE LIQUID-VAPOR INTERFACE IN SMOOTH 
AND MICRO-FIN TUBES 
In the previous section, the author mentioned that the main liquid level in the micro-
finned tube is lower than that in the smooth tube when the mass flux and vapor quality 
are low. In order to further prove this based on the visualization data, the image 
processing analysis is conducted through the change point analysis and the liquid-vapor 
interfaces of the refrigerant flow in both of the tubes are detected. Fig. 4-15(a)-(c) show 
the location of liquid-vapor interface as a function of column number (x direction of the 
image) in both the smooth and micro-finned tubes under different flow conditions. The 
location is the distance from the bottom of the tube (outer-wall) to the liquid-vapor 
interface, and its value in each condition is the average value of the 2000 frames in the 
captured high speed video. The results show that the liquid-vapor interface of the axial 
micro-finned tube occurs in a lower location than in the smooth tube, and especially 
when the vapor quality is low. This quantified data supports the hypothesis that some of 
the liquid is trapped in the grooves. In addition, the interface in the micro-finned tube is 
wavier since the random quantity of liquid flowing along the groove in the longitudinal 













Figure 4-15 Location of liquid-vapor interface in smooth and axial micro-finned tubes at 




The results in Chapter 3 showed that the heat transfer enhancement factor of the 6.3 
mm axial micro-finned tube with R410A was around 1.34, and the straight micro-fins 
have stronger influence when the mass flux and vapor quality are low. The flow behavior 
of the two-phase flow can be used to explain the mechanism of the heat transfer 
enhancement due to micro-fin geometry. Although the axial micro-fin does not provide 
additional force to pull the liquid up and make the annular flow occur earlier, some liquid 
refrigerant was easily trapped in the grooves at the side of the tube especially in the 
region of stratified wavy or intermittent flow from the above data. It is known that 
thermal resistance of the liquid is lower than the vapor in evaporative heat transfer. 
Therefore, the local heat transfer on the top and side of the tube enhances. 
 
4.5 SUMMARY AND CONCLUSIONS 
This chapter presents a novel visualization technique considering the effect of internal 
fins on the two-phase flow behavior in round tubes. Transparent axial micro-finned and 
smooth tubes made by an SLA 3D printer imitate the real inner geometry of the 
aluminum tubes used in the heat transfer test section. R410A flow boiling experiments 
were conducted at the saturation temperature of 10°C in the heat transfer test section, and 
the flow is captured at the downstream end of the test section through the 3D-printed tube. 
The major findings of this work can be summarized as follows, 
• The flow pattern in transparent axial micro-finned tubes is generally similar to 
that in transparent smooth tubes. 
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• Axial micro-fins do not provide additional force to pull up the liquid inside the 
round tube, so the annular flow does not occur at an earlier condition (lower vapor 
quality or mass flux). 
• The location of liquid-vapor interface in the axial micro-finned tube is lower and 
wavier than that in the smooth tube since part of the liquid is trapped in the micro 
grooves on the top or side of the micro-finned tubes. 
• This liquid level change due to micro-fin geometry is quantified by tracing the 
liquid-vapor interfaces in the captured videos with change point analysis. 
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Chapter 5 EFFECT OF HELICAL MICRO-FINS ON 
TWO-PHASE FLOW BEHAVIOR IN HORIZONTAL ROUND 
TUBES BASED ON VISUALIZATION 
5.1 INTRODUCTION 
The focus of this chapter is to experimentally investigate the effect of helical micro-
fins on flow behavior in horizontal round tubes through the visualization technique 
introduced in Chapter 4. The visualization of the two-phase flow in 18° helical micro-
finned tubes was conducted. The main flow patterns are first described and characterized, 
and then compared with smooth and axial micro-finned tubes. Besides, it is known from 
the literature in Section 2.2 that the helix angle strongly influences heat transfer and 
pressure drop. Clear micro-finned tubes with different helix angles (0°, 10° and 18°) were 
made to study this effect on flow for further explaining the mechanism of heat transfer 
enhancement. Micro-finned tubes with different groove directions were also made and 
explored for understanding the flow in the upward side and downward side of the helical 
micro-finned tube.  
5.2 EXPERIMENT DESCRIPTION 
Four types of 3D printed resin tubes were used for visualizing flow patterns: smooth, 
axial micro-finned (0° helix angle), 10° helical micro-finned, and 18° helical micro-
finned tubes, as shown in Figure 5-1(a)-(d). The micro-finned tubes have the same 
82 
 
internal geometry but different helix angles. The cross sectional views of the 3D printed 
smooth and micro-finned tubes are demonstrated in Fig. 4-3(a) and (b), and the 
dimensions of the 3D printed tubes were measured through microscopic pictures with 





Figure 5-1 3D printed transparent resin tubes: (a) smooth, (b) axial micro-fin (0° helix 
angle), (c) helical micro-fin (10° helix angle), and (d) helical micro-fin (18° helix angle). 
In the helical micro-finned tube, the liquid is lifted up on one side of the tube due to 
the upward groove geometries. A question is whether the lifted liquid at the top of the 
tube continues to flow downward along the groove on the other side to form an annular 
flow or directly falls down due to gravity. In the facility of this work, however, it is hard 
to take the video from both sides of the tube due to space limitations. To study the flow 
behavior on the side with downward groove geometries, helical micro-finned tubes with 
different groove directions were made. Groove direction in the helical micro-finned tube 
does not influence the heat transfer, but the tubes with different groove directions help 
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understand the flow behavior. The schematic and photographic views for the two types of 
3D printed tubes are illustrated in Fig. 5-2(a) and (b). In the first type of tube (Fig. 5-2 
(a)), the direction of the micro grooves inside the tube is counterclockwise (looking 
downstream). In our visualization setup, the camera is placed at the right hand side of the 
tube to capture the side view of the flow inside the tube. The fins and grooves of the right 
hand side are uphill, which enable the refrigerant to climb up along the grooves. In Fig. 
5-2(b), the direction of micro grooves is clockwise, and the fins and grooves of the right 




Figure 5-2 Photographic and schematic views for the two types of 3D printed helical 





5.3 RESULTS AND DISCUSSION  
This section reports the experimental results of the visualization of two-phase flow 
for R410A in 3D printed transparent tubes with different internal geometries. The main 
flow patterns of the horizontal flow captured in helical micro-finned tubes are first 
described and characterized. The visualization in the helical micro-finned tube under 
various conditions of mass flux and vapor quality are compared with smooth and axial 
micro-finned tubes. Also, the experimental flow regimes are compared with the existing 
flow pattern map for micro-finned tubes. Finally, the effect of helix angle and direction of 
the internal micro-grooves on the flow behavior are investigated and discussed. 
5.3.1 FLOW PATTERN CHARACTERIZATION IN HELICAL MICRO-
FINNED TUBES 
In contrast to the traditional visualization through glass tubes without internal micro-
fin geometry, the two-phase flow patterns of R410A were studied in a transparent micro-
finned tube. The objective of this section is to introduce and characterize the main types 
of flow pattern observed in horizontal helical micro-finned tubes. The main flow patterns 
observed in this study are characterized as follows: intermittent (I), stratified-smooth (SS), 
stratified-wavy (SW), wavy-annular (WA), and fully annular (A). When both the liquid 
and vapor velocities are very low (low mass fluxes), the liquid and vapor inside the round 
tube are separated into two distinct layers, which is characterized as stratified flow.  
Vapor flows at the top and liquid flows at the bottom of the tube due to gravity. 
According to the different wave characteristics at the liquid-vapor interface, this flow 
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pattern can be further subdivided into stratified-smooth (SS) and stratified-wavy (SW). 
The photos of the two stratified flow patterns captured in the 18° helical micro-finned 
tube and their related schematic views are demonstrated in Fig. 5-3(a) and (b). In the SS 
flow patterns, the interface remains relatively smooth. It is seen from the photo that some 
liquid close to the interface is slightly lifted up in the micro-grooves attributed to the 
capillary force. In the SW flow pattern, a Kelvin-Helmholtz instability is triggered 
because of a higher vapor velocity and the interface becomes wavy. In addition, there is 
some liquid film perpendicular to the micro-fin seen at the upper part of the tube. The 
swirl is generated due to the helical micro-grooves and a faster vapor enables the 
rotational liquid to detach from the fin geometry easily and reach a higher location. 
However, only part of the tube periphery is washed by liquid flow and there still exists 
some dry surface. 
(a) (b) 
Stratified-smooth (SS) Stratified-wavy (SW) 
 
G=32 kg/m2s, x=0.25 
  
G=100 kg/m2s, x=0.35 
Figure 5-3 Schematic and photo image of stratified flow patterns of R410A in smooth 




The flow is characterized as an intermittent flow (I) when the amplitude of the 
interfacial wave becomes sufficient to block the vapor core, as shown in Fig. 5-4(a). 
There are two types of intermittent flow. One occurs at very low vapor quality condition, 
which is called plug flow. In the plug flow, the bullet-shaped elongated bubbles flow 
along the upper part of the tube, as presented in Fig. 5-4(b). The other is called slug flow. 
The interfacial wave grows to crest at the top of the tube and the flow goes back to 
stratified flow periodically, as demonstrated in Fig. 5-4(c). The intermittent flow only 







G=180 kg/m2s, x=0.05 
 
G=250 kg/m2s, x=0.1 
Figure 5-4 Intermittent flow pattern of R410A in helical micro-finned tubes: (a) 
schematic, (b) plug flow, and (c) slug flow. 
 
When the liquid film wets all the tube periphery, the flow is characterized as annular 
flow. The annular flow can be further subdivided into wavy-annular (WA) and fully 
annular (A) according to the wave behavior, as presented in Fig. 5-5(a) and (b). The WA 
flow pattern is a transition status of the stratified wavy and fully annular flow. Although 
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the upper part of the tube periphery is wetted, this flow pattern keeps part of the 
characteristics of the stratified flow. The disturbance waves in the stratified liquid layer 
carry mass along the tube, and present a thicker film thickness at the bottom of the tube. 
In contrast to the smooth and axial micro-finned tubes, some liquid wave flows upward 
along the helical grooves and a ridge (a stationary peak in film thickness) perpendicular 
to the groove direction is found. For the fully annular flow (A), the film thickness is 
thinner and more uniform around the tube. More details and the differences in wave 







G=250 kg/m2s, x=0.35 
 
G=300 kg/m2s, x=0.7 
Figure 5-5 Schematic and photo image of annular patterns: (a) wavy annular (W/A) and 
(b) annular (A). 
 
5.3.2 COMPARISON OF FLOW REGIMES IN HELICAL MICRO-FINNED 
TUBES WITH SMOOTH AND AXIAL MICRO-FINNED TUBES 
The captured flow patterns of the helical micro-finned tube in this work are compared 
with the smooth and axial micro-finned tubes. Fig. 5-6(a)-(c) show the two-phase flow of 
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R410A at the saturation temperature of 10°C for the mass flux of 180 kg/m2s in the 
smooth tube, axial micro-finned tube, and helical micro-finned tube. In Fig. 5-6(a), the 
vapor quality is 0.35. The flow pattern in the smooth and axial micro-finned tubes is 
stratified-wavy flow, where the wave exists at the liquid-vapor interface and only some of 
the liquid film touches the top half of the tube. In the helical micro-finned tube, the 
interface is more irregular and turbulent and liquid film wets the upper part of the tube. 
The flow pattern becomes wavy-annular. When the vapor quality is increased to 0.5, the 
flow pattern in the smooth and axial micro-finned tubes is still stratified-wavy, but some 
liquid film reaches to a higher location of the tube periphery. In the helical tube, the flow 
regime is wavy annular and the main liquid level decreases because of the increasing void 
fraction. For a higher vapor quality condition, x=0.8, the flow pattern in all three tubes is 
annular flow, as presented in Fig. 5-6(c). 
The flow behavior in the transparent tubes can further explain the mechanism of heat 
transfer enhancement in the micro-finned tubes. For the axial micro-finned tube, the 
results in the Chapter 3 showed that the enhancement factor of the 6.3 mm axial micro-
finned tube with R410A was around 1.34, and the straight micro-fins have stronger 
influence when the mass flux and vapor quality are low. Based on the visualization data, 
the flow patterns in the axial micro-finned tube (0° helix angle) were generally similar to 
that in the smooth tube. In other words, the annular flow did not persist at lower mass 
fluxes or lower vapor quality than in the smooth tube. Although the straight micro-fins 
could not pull the liquid the tube, some liquid refrigerant was easily trapped in the 
grooves at the side of the tube due to the surface tension especially in the region of 
stratified wavy or slug flow. Therefore, the heat transfer enhancement in the axial micro-
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finned tube is mainly attributed to the additional liquid-phase refrigerant trapped in the 
grooves of the tube and the increasing surface area. For the helical micro-finned tube (18° 
helix angle), Kim et al. [82] reported that the helical micro-fins significantly enhanced 
the heat transfer, and the enhancement factor with R410A ranged from 1.1 to 2.5, which 
depended on the heat flux, mass flux, vapor quality, evaporative temperature and tube 
diameter.  The change of the two-phase flow behavior due to helical micro-fin geometry 
observed in our experiments helps explain the heat transfer enhancement in the work of 
Kim et al. [82]. More liquid film was found at the top of the helical micro-finned tube 
compared to the smooth and axial micro-finned tubes. This is because the swirling flow 
caused by the helical grooves provides the upward momentum which enables the liquid 
to reach a higher location. The capillary force helps inertial force to bring the liquid 
refrigerant up along the groove. As a result, the transition from stratified wavy to wavy 
annular occurred at lower vapor quality and mass flux, which means that the flow in the 
helical micro-finned tube was more annular. This mechanism explains why the helical 
micro-fins remarkably enhance the heat transfer of flow boiling in round tubes since heat 
transfer on wetted surface is higher than in dry. 













(b) G=250 kg/m2s, x=0.5 
Smooth Axial micro-fin Helical micro-fin 
(c) G=250 kg/m2s, x=0.8 
Smooth Axial micro-fin Helical micro-fin 
Figure 5-6 Visualization results of R410A flow boiling at the saturation temperature of 
10°C in the smooth, axial micro-finned (0° helix angle), and 18° helical micro-finned 
tubes. 
 
5.3.3 COMPARISON OF THE VISUALIZATION WITH THE EXISTING 
FLOW PATTERN MAP FOR MICRO-FINNED TUBES 
Most of the predicted flow pattern maps for flow boiling in the open literature were 
developed for smooth tubes. From the visualization in the helical micro-finned tube 
described above, helical micro-grooves produce swirling flow inside the tube and 
influence the transitions of stratified flow to annular flow. Thus, the conventional flow 
pattern map is not able to predict the flow pattern in the helical micro-finned tube 
correctly.  Sharar et al. [61] considered the early transition to annular flow due to the 
geometry effect and built up a map for the helical micro-finned tubes. They used Wojtan 
et al. flow pattern map [58] originally developed for smooth tubes as a basis and modified 
two of the transition curves. Sharar et al. [61] kept the original form of the SW-A 
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transition, but adjusted the empirical constant based on the flow visualization data in the 
18° helical micro-finned tubes published by Yu et al. [26] and Hatamipour and Akhavan-
Behabadi [60]. The I-A transition for the internally grooved tubes proposed by 
Liebenberg and Meyer [49] was adapted.  
Since the map of Sharar et al. [61] closely followed the map of Wojtan et al. [58] and 
made the modification of SW-A and I-A transitions for the micro-finned tubes, the 
applicable range of the map is related to the test conditions of Wojtan et al. [58]: 70≤ G 
≤ 700 kg/s-m2, 0.04 ≤ x ≤ 1, and 0.4 ≤ q ≤ 57.5 kW/m2. The experiments in this 
work were conducted with a refrigerant mass flux range from 100 to 300 kg/s-m2, and a 
vapor quality range from 0.1 to 0.9. Thus, the test matrix is in the applicable range of 
Wojtan et al.. However, the empirical constant in the SW-A transition is modified 
according to the flow visualization data in the 18° helical micro-finned tubes.  Therefore, 
the map of Sharar et al. [61] is only applicable for 18° helical micro-finned tubes. 
The effect of operation conditions (various mass fluxes and vapor qualities) on flow 
pattern are experimentally investigated and compared with the maps of Sharar et al. [61] 
and Wojtan et al. [58], as shown in Fig. 5-7. The solid and hollow symbols are the 
visualization data inside the 18° helical micro-finned tube from the experiments. It should 
be noted that the slug flow, slug+SW, and intermittent flow in the experiments are not 
separated and all of them are marked as intermittent flow (I). The black solid lines and 
blue broken lines are the transition curves from the equations in the papers of Sharar et al. 
[61] and Wojtan et al. [58], respectively. Compared to the curves in these two paper, the 
boundaries from the original version of Wojtan et al’s map [58] shift left and down. The 
preferred annular flow regime during evaporation occurs at a lower mass flux and vapor 
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quality, and our experimental data are consistent with this trend. The spiral grooves 
enable the liquid to reach the top of the tube easily, which leads to this earlier transition. 
Although the results show that the experimental data of this work agree well with the 
map of Sharar et al. [61], there is some discrepancy for predicting intermittent flow. It is 
found in the experiments that intermittent flow only occurred at a lower vapor quality and 
the transition vapor quality increases with the decrease of the mass flux. However, the I-
A transition in the map of Sharar et al. [61] takes places at a constant vapor quality, 
x=0.25. This transition vapor quality is calculated based on the correlation in Liebenberg 
and Meyer’s work [49], in which the flow was visualized through a smooth glass tube at 
the exit of the tested helical micro-finned tube with an inner diameter of 8.94 mm. The 
tube with a larger diameter has a relatively higher liquid level due to a smaller surface 
tension force, which makes it easy to form slug flow at a higher vapor quality. Barbieri et 
al. [81] found a similar trend in their experiments and concluded that the transition vapor 






Figure 5-7 Comparison of the two-phase flow patterns in the 18°helical micro-finned 
tube with the flow pattern maps of Sharar et al. [61] and Wojtan et al. [58]. 
 
5.3.4 EFFECT OF HELIX ANGLE ON FLOW REGIMES TRANSITION  
In the previous section, the author mentioned that the helical micro-fin geometries 
provide an additional force to pull the liquid up such that the annular flow occurs earlier 
than in the smooth and axial micro-finned tubes. The centrifugal force created by the 
circumferential motion depends on the helix angle and influences the flow behavior. Fig. 
5-8(a)-(c) shows the captured flow patterns inside the micro-finned tubes with different 
helix angles under the same conditions (Tsat=10°C, G=180 kg/s-m
2, and x=0.35). The 
images of the flow regime were taken at the right hand side of the tube, where the helical 
grooves curve upward. The flow regime in the tube with 0° helix angle is stratified wavy 
flow, and the axial groove structure does not change the height of the wave. In the tube 
with 10° helix angle, it is found that some liquid waves reach a higher location at the 
right hand side of the tube but could not touch the top. Thus, only part of the upper tube 
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is wetted and the flow regime is still stratified wavy. For the 18° helix angle, liquid wave 
has enough momentum to reach the top and then go downward along the grooves that 
curve downward at the left hand side of the tube. Under this operation condition, all the 
tube is wetted and the flow regime is wavy annular. Helical micro-grooves in the round 
tubes influence the transition of stratified wavy flow to annular flow, and this transition 
boundary is related to the helix angle. The collected visualization data in the micro-finned 
tubes with 0°, 10°, and 18° helix angle are plotted in G-x type flow pattern maps, as 
presented in Fig. 5-9(a)-(c). The solid and hollow symbols are the visualization data 
inside the micro-finned tubes, and the brown broken lines are the related transition 
boundaries based on the experimental data. It is found that the SW-W/A transition shifts 
downward as the helix angle increases since the centrifugal force due to the fin geometry 
increases as the helix angle increases. Other transitions are not significantly affected by 
the helix angle. 
(a) 0 helix angle  (b) 10 helix angle  (c) 18 helix angle  
   
   
Figure 5-8 Visualization results of R410A flow boiling at the saturation of 10°C  and the 
schematic cross sectional views in the smooth tube, axial micro-finned tube (0° helix 




(a) (b) (c) 
 
Figure 5-9 Flow regimes based on visualization data in (a) 0°, (b) 10°, and(c) 18° micro-finned tubes 
 
5.3.5 VISUALIZATION IN HELICAL MICRO-FINNED TUBES WITH 
DIFFERENT GROOVE DIRECTIONS 
The tubes with different directions of the grooves enable us to investigate the flow 
behavior in both the upward side and downward side. Fig. 5-10(a) and (b) show the 
captured photos and the related schematic views in the tubes with different groove 
directions. The experiments were conducted in the 10° helical micro-finned tubes under 
the conditions of Tsat=10°C, G=180 kg/s-m
2, and x=0.5. It is observed in the tube with the 
counterclockwise groove direction that the uphill helical groove geometry causes the 
liquid refrigerant to wet the upper part of the tube and the lifted liquid flows upward 
along the grooves. As the liquid refrigerant reaches the top of the tube, it continues to 
flow downward along the groove in the conditions explored. This phenomenon is seen 
from the tube with the clockwise groove direction. The liquid film is perpendicular to the 
downhill groove which indicates the flow inside the groove goes downward along the 
groove direction. Based on the visualization captured in the tubes with different groove 
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directions, both sides of the tube are wetted and the wavy-annular flow occurs under this 




Figure 5-10 Images of two-phase flow captured with high speed camera and the related 
schematic views in the 10° helical micro-finned tubes with different groove directions: 
(a) counterclockwise and (b) clockwise. 
 
5.4 SUMMARY AND CONCLUSIONS 
The visualization of R410A two-phase flow behavior inside the 3D printed smooth 
and micro-finned tubes with 0°, 10°, and 18° helix angles was experimentally 
investigated. The saturation temperature was fixed at 10°C, and the test range covered the 
vapor quality from 0.05 to 0.9, and mass flux from 100 to 300 kg/s-m2. The following 
conclusions are obtained. 
• Compared to the smooth and axial micro-finned tubes, the swirling flow triggered 
by the helical micro-groove geometries enables the liquid refrigerant to reach a 
higher location of the round tube, and the capillary force keeps the liquid flowing 
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along the micro-grooves. Thus, the annular flow in the helical micro-finned tube 
occurs at lower vapor quality than in smooth tubes.  
• Visualization in the 18° helical micro-finned tube shows good agreement to the 
flow pattern map of Sharar et al. [61] developed for helical micro-finned tubes.  
• Helix angle influences the transition from stratified flow to annular flow. In the 
current experiments, it is easier to form the annular flow in 18° helical micro-
finned tube than the 10° and 0°. The SW-W/A transition boundaries shifts 
downward (to lower mass flux and vapor quality conditions) with the increase of 
the helix angle. Other transitions were not significantly affected by the helix angle. 
•  Helical micro-finned tubes with different groove directions were made to 
understand the flow behavior on the upward side and downward side of the tube 
for ensuring the formation of the annular flow. It was found that the liquid film is 
perpendicular to the grooves on both the upward and downward sides of the tube 
which indicates the liquid flow inside the grooves goes along the groove 
directions. 
• This liquid level change due to micro-fin geometry is quantified by tracing the 






Chapter 6 FLOW PATTERN MAPS FOR FLOW 
BOILING IN HORIZONTAL MICRO-FINNED TUBES 
CONSIDERING THE EFFECT OF HELIX ANGLE 
6.1 INTRODUCTION 
Most of the two-phase flow pattern map in the literature were developed for smooth 
tubes, which could not predict the local flow pattern well in the micro-finned tubes. There 
are only few flow pattern maps considering the micro-fin effect in the open literature 
such as Rollmann and Spindler’s map [30] and the map of Sharar et al. [61]. However, 
the above two maps were only developed for the micro-finned tube with 18° helix angle, 
and did not consider the effect of helix angle. In this chapter, a flow pattern map for 
micro-finned tubes considering the effect of helix angle was built.  
6.2 DESCRIPTION OF FLOW PATTERN MAP 
The new flow pattern map for micro-finned tubes is modified from the flow pattern 
map of Wojtan et al. [58], which was developed for horizontal flow boiling inside smooth 
tubes. The observed flow patterns in the transparent micro-finned tube with 18° helix 
angle from Chapter 5 are depicted on the map of Wojtan et al. for comparison, as shown 
in Fig. 6-1(a). The solid and hollow symbols are the visualization data in the experiments 
of this work and the black solid lines are the transition curves from the equations in 
Wojtan’s paper. Note that the slug flow, slug+SW, and intermittent flow are not separated 
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in the experimental data and all of them are marked as intermittent flow (I). It is found 
that there are two discrepancies between our experimental data and the map of Wojtan et 
al.: (1) The SW-W/A transition occurs at earlier vapor quality and mass flux conditions 
due to the internal helical micro-fins;(2) The I-A and or I-S transition in the map of 
Wojtan et al. is a vertical line (constant vapor quality), which could not predict the 
intermittent flow in the experiments properly. After the modification, it is seen from the 
Fig. 6-1(b) that the new model has a better prediction for the flow patterns in the micro-
finned tube. The following subsections describe the details of the flow regime transitions 




Figure 6-1 Comparison of the experimental data in 18° helical micro-finned tube with (a) 
the original flow pattern map of Wojtan et al. [58] and (b) the modified map. 
6.2.1 SW-W/A TRANSITION 
For the low mass flux or low vapor quality condition, the momentum of the flow in 
the evaporator tube is low, and the liquid and vapor are naturally separated into two 
layers due to gravity. With the increase of the vapor quality or mass flux, the higher 
vapor velocity extends the interfacial waves around the circumference and leads the 
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liquid to climb up the wall to form annular flow. The SW-W/A transition is derived from 
the force balance method similar to Xiao and Hrnjak’s work [83] but adding a centrifugal 
force induced by the helical micro-grooves (swirling term). As the annular flow is formed, 
the gravity, surface tension, shear, and centrifugal forces are balanced in the control 
volume, as demonstrated in Fig. 6-2(a). The transition between the stratified wavy and 
wavy annular flow is obtained with the force balance and presented in Eq. (6-1). C1 and 
C2 are two empirical constants to represent the vertical portion of the forces. C1 is 
between 0 and 2, which represents the horizontal and vertical liquid-vapor interface, 
respectively. C2 is between 0 and 1, which means that the direction of the shear force is 
horizontal and vertical, respectively. C3 depends on the tube geometry: C3=0 for smooth 
tube and C3=1 for micro-finned tube. 
 
2 2
1 2 3( ) /l v v v lg r C C rf u C r u r     + = +     (6-1) 
The film thickness δ at the top of the tube used here is the average value of the film 
thickness measured by Xiao and Hrnjak [84], which is 0.03617 mm. 
(a) 
 





















Figure 6-2 Schematic views for helical micro-finned tubes: (a) force balance in the 
control volume, (b) demonstration of the internal spiral grooves, and (c) geometrical 
characteristics. 
 
The interfacial shear stress can be expressed in terms of friction factor, which is 
calculated with the Blasius equation. 
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=     (6-3) 
where  is the void fraction calculated with the Steiner version of the Rouhani-Axelsson 
drift flux model [85]. 
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The second term of the right hand side in Eq.(6-1) represents the centrifugal force due to 
the micro-fin geometry. For demonstration of the helical grooves inside the round tube, 
the isometric schematic view of the micro-finned tube with two grooves is shown in Fig. 
6-2 (b) and the geometry features of the micro-finned tube are described in Fig. 6-2 (c). H 








=     (6-5) 
The liquid refrigerant flowing inside the helical groove is assumed to rotate around the 
tube axis with a constant angular speed. The fluid helical velocity is resolved into an axial 
component and tangential component as shown in Fig. 6-2(b). 
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6.2.2 W/A-A TRANSITION 
When the liquid film begins to wet all the tube periphery in the evaporative tube, the 
liquid film thickness is not uniform due to gravity. This W/A flow pattern presents a 
thicker film thickness at the bottom of the tube. As the vapor velocity is increased, W/A 
flow becomes fully annular flow (A), and the film thickness is thinner and more uniform 
around the tube. This process is similar to the stratification process of annular flow in 
condensation. As the liquid film at the top is too thick, the surface tension and interfacial 
shear cannot hold the liquid film. The gravitational force pulls the condensate from the 
upper part of tube to the bottom. The W/A-A transition is calculated by the transition of 
annular flow to stratified flow in condensation proposed by Xiao and Hrnjak [83]. The 
transition from the wavy-annular flow to annular flow is determined through the balance 
between the three different forces: gravity, surface tension and interfacial shear as shown 
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where δ is the film thickness with the assumption of uniform distribution and is 
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6.2.3 I-S TRANSITION 
In the Kattan et al. [55] and Wojtan et al. [58] maps, the IA or IS transition has been 
kept at a fixed Martinelli’s parameter of 0.34, which was originally derived from Taitel 
and Dukler’s map [33]. This transition criterion means a sufficient equilibrium liquid 
level of the stratified flow is the condition to maintain a slug. Barbieri et al. [81] argued 
that the transition did not occur at a constant vapor quality (related to a single value of the 
Martinelli parameter) and found that the transition vapor quality diminishes as the mass 
velocity increases and increases with the increase of tube diameter. They stated that the 
transition could be presented and correlated with liquid Froude number, Frl, and 
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The transition of intermittent to stratified or annular flow is correlated following the 
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6.2.4 SS-SW TRANSITION 
In the stratified flow, the flow can be further subdivided into two regions: stratified-
smooth (SS) and stratified-wavy (SW). The SS flow pattern occurs when the liquid and 
vapor velocity are low enough that the interface remains relatively smooth. As the vapor 
velocity increases, the wave is initiated because the pressure and shear work on a wave 
overcome the viscous dissipation in the wave. The S-SW transition is the same in the 



































=     (6-18) 
and GSW=GSW(xIS) for x<xIS. 
Note that xIS is the vapor quality for the intersection point of GSW and GIS. 
 
6.2.5 A-D TRANSITION 
For the annular flow in evaporation, the continuous liquid film around the tube 
eventually dries out as heated. When the partial dry-out phenomenon occurs, the wall 
temperature rises abruptly. Thus, the heat transfer coefficient drops drastically. The A-D 
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transition is calculated from the Wojtan et al. boundary [58], which was based on their 
measurements of heat transfer coefficient : 
 
0.926
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where qc is the critical heat flux and is calculated with the model of Kutateladze [86]: 
  
0.250.50.131 ( )c v fg l vq h g   = −     (6-20) 
where hfg is the latent heat of the refrigerant. 
 
6.3 RESULTS AND DISCUSSION 
The experimental results for R410A visualization in the smooth and axial micro-
finned (0°helix angle)  tubes are plotted on the new flow pattern maps, as shown in Fig. 
6-3(a) and (b). The solid and hollow symbols are the visualization data and the black 
solid lines are the transition curves from the equations described in the previous section. 
Comparing our experimental data inside the smooth tube and axial micro-finned tubes, it 
is seen that there is no significant difference of the transitions. Axial micro-fins (0° helix 
angle) do not provide additional force to lift up the liquid in the round tube, that is to say 
the annular flow pattern does not occur earlier (at low vapor quality or mass flux 
conditions) than in the smooth tube. In addition, the predicted flow pattern maps show 
good agreement with experimental results in both cases.  
Fig. 6-4(a) and (b) show the experimental data of the visualization inside the helical 
micro-finned tubes with different helix angles (18° and 10°) plotted on the corresponding 
flow pattern maps. In the helical micro-finned tubes, the transition of the intermittent 
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flow to stratified wavy or wavy annular flow is same as that in the smooth or axial micro-
finned tubes. The intermittent flow take places as the roll wave at the liquid vapor 
interface triggered by the K-H instability is strong enough as well as a sufficient liquid 
level, which is more related to the tube geometry (diameter) rather than inner micro-fins. 
In addition, the helical micro-grooves provide additional centrifugal force such that the 
liquid refrigerant is easier to climb to the top of the tube and forms annular flow. 
Therefore, the annular flow in the helical micro-finned tubes occurs at lower vapor 
quality and lower mass flux than the smooth or axial micro-finned tube. The transition of 
stratified wavy to wavy annular flow in the helical micro-finned tube is shifted down. 
Compared to our experimental data inside the helical micro-finned tubes, the predicted 
flow pattern maps show good agreement with experimental results. 
(a) (b) 
  









Figure 6-4 Flow pattern map in helical micro-finned tubes with (a) 18° helix angle and (b) 
10° helix angle. 
Helical micro-grooves in the round tubes influence the transition of stratified wavy 
flow to annular flow, and this transition boundary is related to the helix angle. Fig. 6-
5(a)-(c) shows the flow patterns captured inside the micro-finned tubes with different 
helix angles under the same conditions (Tsat=10°C, G=180 kg/m
2s, and x=0.35). The flow 
regime in the tube with 0° helix angle is stratified wavy flow, and the axial groove 
structure does not change the height of the wave. In the tube with 10° helix angle, it is 
found that some liquid waves reach to higher location of the tube but only part of the 
upper tube is wetted. For the 18° helix angle, liquid waves have enough momentum to 
reach to the top and all the tube is wetted. The SW-W/A transition in Fig. 6-5(d) reflects 
this trend, and the transition boundary shifts down with the increase of helix angle. 
However, the flow pattern map is built and validated with the current experimental data. 
More experimental data in different helix angles is needed to expand the availability of 













Figure 6-5 Visualization of two-phase flow in the micro-finned tubes with different helix angles: 
(a) 0°, (b) 10° and (c) 18°, and the related SW-W/A transitions in the flow map. 
 
6.4 SUMMARY AND CONCLUSIONS 
Visualization of R410A flow boiling was conducted through the clear smooth and 
micro-finned tubes with 0°, 10° and 18° helix angle. The results show that the flow 
pattern map for a micro-finned tube with 0° helix angle is generally similar to that in the 
smooth tube. For the tube with 18° helix angle, the annular flow occurs at lower vapor 
quality and mass flux. A modified flow pattern model accounting for the early transition 
to annular flow in the micro-finned tubes is built. The comparison between experimental 
data and the flow regime map shows good agreement. 
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Chapter 7 VISUALIZATION OF R410A FLOW 
BOILING INSIDE HORIZONTAL SMOOTH TUBES UNDER 
DIABATIC CONDITIONS 
7.1 INTRODUCTION 
Traditionally, the visualized flow regime in a glass tube or clear micro-finned tube is 
not heated or cooled, which is in a near adiabatic condition, but the adiabatic condition 
affects the flow behavior of the two-phase flow such as the flow regime at the onset of 
condensation and bubble generation process in evaporation. This chapter presents a novel 
approach to visualize the flow boiling in round tubes under “diabatic conditions”. In the 
visualization test section, a 3D printed round tube is placed inside a glass tube with 
secondary fluid at a higher temperature flowing in the annulus between the two tubes, 
thus providing diabatic conditions. The objective of this chapter is to investigate the 
effect of diabatic conditions on flow regime for R410A in a horizontal smooth round tube 
during evaporation. Visualizations under adiabatic and diabatic conditions are presented 
and compared. Besides, the effect of vapor quality and heat flux conditions on the flow 







7.2.1 TEST APPARATUS 
Fig. 7-1 shows a schematic drawing of the test apparatus used in this study. The 
experimental set-up consists of two major flow loops: a refrigerant loop and a secondary-
fluid loop. The components in the refrigerant loop (blue solid line in the schematic 
drawing) are generally the same as the previous facility except the visualization section. 
A new diabatic visualization section for observing flow regime is located downstream of 
the heat transfer test section. The details of other components have been described in 
section 3.2.1. In the secondary-fluid loop (red broken line in the schematic drawing), 
water is used in this test to provide heat to the heat transfer test section and the diabatic 
visualization section. The water is circulated with a micro pump and the mass flow rate is 
measured with a Coriolis mass flow meter. Prior to entering the heat transfer test section, 
the water is heated to a desired temperature by a cartridge heater. Since the water is 
cooled after passing through the heat transfer test section, an additional cartridge heater is 









































Figure 7-1 Schematic drawing of the test facility 
 
7.2.2 DIABATIC VISUALIZATION SECTION 
The visualization performed for this work is special that the two-phase flow pattern is 
observed under diabatic conditions. This technique more closely approximates the 
behavior of the fluid in an actual evaporator than the typical adiabatic visualization. The 
visualization section is a transparent heat exchanger which consists of two concentric 
tubes, as shown in Fig. 7-2(a). The outer tube is a 10 cm long glass tube, whose inner and 
outer diameters are 15.75 mm and 19.05 mm, respectively. The inner tube is a 21 cm 
clear resin smooth tube. Since the visualization inside the smooth tube will be used as a 
baseline for future comparison with the micro-finned tubes, the smooth tube was also 
made by 3D printing. A stereolithography system (SLA) was used for this work, 
providing a beam diameter of 0.075±0.015 mm with a minimum feature size of 0.02 mm 
in High Resolution (HR) mode. The printed material is a type of optically clear resin with 
ABS-like properties (WaterClear Ultra 10122). The inner diameter of the resin tube is 
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6.305 mm, the same as the aluminum tube used in the heat transfer test section. The outer 
diameter is 9.525 mm, which is larger than the aluminum tube (7.4 mm). A thicker wall 
for the resin tube is used to maintain a factor of safety over the burst pressure. Fig. 7-2(b) 
demonstrates the schematic of the components and the fluid flows in the visualization 
section. The refrigerant flows in the inner tube, while the water flows between the inner 
resin tube and the outer glass tube. The water that exits the heat transfer test section in the 
closed water loop is reheated by a cartridge heater and injected into the visualization 
section via a circular manifold. In addition, the inlet and outlet water temperatures are 








Figure 7-2 (a) Concentric tubes for diabatic flow visualization and (b) illustration of refrigerant 




Two-phase flow behavior in diabatic visualization were captured with a Phantom 
V4.2 monochromatic high-speed camera. A 25 W cool white LED light panel, located 6 
cm behind the tube, was used to provide intense back light. Besides, two different lenses 
were utilized in the experiments. A 55-mm Nikon lens was used for recognizing the flow 
patterns in round tubes, and the magnification is set such that 2 cm long of the tube was 
captured. For further characterizing such features as bubble departure diameter and 
generation frequency, a microscope lens (Navitar 1-60349) was put to use. 
7.3 DATA REDUCTION 
The operating condition of the two-phase flow pattern is defined by the saturation 
temperature, the mass flux, the inlet vapor quality and the heat flux of the visualization 
section. The refrigerant saturation temperature Tsat is calculated based on the measured 
saturation pressure Psat. The mass flux G is the measured mass flow rate of the refrigerant 
divided by the cross sectional area of the tube. The vapor quality and the heat flux in the 
visualization are calculated through the energy balance, and the details are described in 
this section. Data regression, determination of the refrigerant properties, and uncertainty 
analysis are performed by utilizing Engineering Equation Solver [65]. In the program, 
R410A’s properties are evaluated based on the equation of state developed by Lemmon 
[66]. 
7.3.1 HEAT FLUX 
In the diabatic visualization section, the heat flux is provided by the water flowing 
through the transparent concentric tubes. The heat transfer to the refrigerant is based on 
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the heat gain from the water side and the heat loss to the ambient. The heat flux is 
calculated by the following equation, 
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    (7-1) 
where 
wm  is the mass flow rate of the water, Cp,w is the specific heat of the water at 
constant pressure, Tw,vis,i and Tw,vis,o are the water temperature at the inlet and outlet of the 
visualization section, Di is inner diameter of the resin tube, L is the length of the resin 
tube with heat exchange, and ,amb visQ  is the heat loss to the environment from the 
visualization section, which is estimated through a calibration experiment.  
7.3.2 VAPOR QUALITY 
The inlet vapor quality of the visualization is the other controlled parameter for the 
operation conditions. The details for its calculation are described below. Return to Fig. 7-
1, the visualization section is located at the downstream of the heat transfer section, so 
the inlet and outlet vapor qualities in the heat transfer section need to be calculated first. 
The inlet vapor quality of the heat transfer test section is controlled by the calorimeter as 
mentioned in the previous section. The subcooled R410A is pumped into the calorimeter 
and heated until the desired vapor quality is reached. The temperature and pressure at 
both the inlet and outlet of the calorimeter are measured. The vapor quality at the inlet of 
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calQ  is the heating power of the calorimeter, rm  is the mass flow rate of the 
refrigerant, Cp,r is the specific heat of the refrigerant at constant pressure, Tcal,i and Tcal,o 
are the temperatures at the inlet and outlet of the calorimeter, and  hfg is the latent heat of 
the refrigerant.  
During the evaporation in the heat transfer test section, the vapor quality slightly 
increases due to the heat transfer to the refrigerant. Since the connection portion of the 
heat transfer section and the visualization section is short enough, the vapor quality 
change between the outlet of the heat transfer test section and the inlet of the 
visualization section is assumed to be negligible. The vapor quality at the inlet of the 
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The heat transfer rate to the refrigerant in the heat transfer test section is calculated based 
on the energy balance by the following equation. 
 410 , , , , , , ,( ) ( )R A ts water amb ts cond p w w ts i w ts o amb ts condQ Q Q Q mC T T Q Q= =− − − − −     (7-4) 
In Eq. (7-4), the heat transfer rate from the water is determined from the water specific 
heat, the mass flow, and the temperature difference between the inlet and outlet of the 
heat transfer test section. ,amb tsQ   is the heat loss to the environment through the insulation, 
which is estimated through a calibration experiment.  condQ is the axially conductive heat 
loss through the pipe wall due to the higher wall temperature of the aluminum tube in the 
test section than that of the aluminum tube away from the test section, and it is estimated 
by a finite element method proposed by Jang and Hrnjak [64].  
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7.3.3 UNCERTAINTY ANALYSIS 
The overall measurement uncertainty of the operation conditions such as the 
saturation temperature, the mass flux, the inlet vapor quality, and the heat flux in the 
visualization section are calculated with the error propagation method by Moffat [67]. 
The median values of the expanded measurement uncertainties for the parameters in the 
operation conditions are listed in Table 7-1. The uncertainties are based on 95% 
confidence level. 
Table 7-1 Experimental uncertainties of the conditions in the diabatic visualization 
Parameter Tsat G xvis,i q 
U (%) 0.46 1.59 0.59 22.5 
 
7.4 RESULTS AND DISCUSSION 
The experimental results of the visualization of R410A flow boiling in transparent 
round tubes under diabatic conditions are presented. First, the visualization under diabatic 
conditions is compared with the traditional adiabatic one. Flow patterns at different vapor 
qualities under diabatic conditions are described. Besides, formation of vapor plug and 
the rewetting phenomenon in the slug flow through the diabatic visualization are depicted. 




7.4.1 COMPARISON OF VISUALIZATION IN ADIABATIC AND 
DIABATIC CONDITIONS 
To illustrate the effect of the diabatic condition on the flow regime, R410A flow 
boiling experiments were conducted in the transparent smooth tube under both adiabatic 
and diabatic conditions. In the case of the visualization under adiabatic conditions, the 3D 
printed smooth tube was directly installed at the exit of the tested metal tube without any 
heating. In the visualization under diabatic conditions, the experimental set-up described 
in section 7.2.2 is used. The refrigerant tube is heated by the flowing water in the annulus, 
and therefore a more realistic evaporative condition is simulated. The material of the 3D 
printed tube in the visualization section is different from that in the heat transfer test 
section (resin vs aluminum), which results in the different heat flux conditions for the two 
sections when the water temperature (secondary fluid) is the same. The heat flux 
condition in the visualization section is not as high as that in heat transfer test section 
since the thermal conductivity of resin is far lower than aluminum (kresin=0.21 W/mK and 
kAl=205 W/mK). Besides, the glass transition temperature of the current material for the 
3D printing is 42°C. In other words, the polymer changes from a hard material to a soft 
one when the water temperature exceeds this transition, and thus limits the maximum 
heat flux for the visualization section. Although the heat flux condition could not reflect 
the real condition in the heat transfer test section, the diabatic visualization still provides 
insights of heat transfer mechanisms during flow boiling. Fig. 7-3(a) and (b) compare the 
side views of flow regime in the transparent smooth tube at Tsat = 10°C, G=100 kg/m
2s, x
≈0.2 and under adiabatic conditions and diabatic conditions (q = 1.18 kW/m2). The flow 
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pattern under this mass flux and vapor quality is slug flow. Through the diabatic 
visualization, it is seen that evaporation is developing on the tube wall. Formation, 
growth, and coalescence of the bubbles can be studied from this new visualization 
technique. Further investigation under different conditions will be presented in the 
following sections. 
(a) (b) 
Adiabatic (G=100 kg/m2s, x=0.2) 
 
Diabatic (G=100 kg/m2s, x=0.16) 
Figure 7-3 Side views of flow regime in the saturated flow boiling of R410A in the transparent 
smooth tube at Tsat = 10 °C, under (a) adiabatic conditions and (b) diabatic conditions (q = 1.18 
kW/m2). 
7.4.2 FLOW PATTERNS DURING EVAPORATION IN HORIZONTAL 
ROUND TUBES 
Fig. 7-4 presents the schematic and photographic views of the two-phase flow 
patterns in a horizontal heated channel (under diabatic conditions). The sequence of the 
schematic flow patterns (from left to right) is from vapor quality low to high. The related 
images were captured in a 6.3 mm smooth tube at  Tsat = 10 °C, G = 180 kg/m
2s at 
various vapor qualities. In the single phase liquid region, some of the nucleation sites on 
the tube wall are activated when the wall temperature is higher than the saturation 
temperature. The generated bubbles tends to flow to the center top of the tube due to the 
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buoyancy force and shear force. Some bubbles collide and merge to bigger ones, and a 
vapor plug is eventually formed at the center top of the tube. As the size of the vapor 
plugs becomes large enough, all the vapor plugs merge to one longer plug that occupies 
the upper part of the whole tube. The vapor and liquid are separated into two distinct 
layers, so part of the upper tube becomes dry. More bubbles are generated in the liquid 
layer as it is heated, and the vapor quality and the vapor velocity are increased. As a 
Kelvin-Helmholtz instability is triggered, the interface becomes more wavy. The 
interfacial wave grows to crest at the top of the tube, which is usually called slug flow. In 
the meantime, some liquid film wets the upper part of the tube and thus nucleate boiling 
occurs within this thin liquid layer at the upper part of the tube. As the vapor quality 
reaches a certain value, the main liquid level is insufficient to form a liquid bridge, and 
the flow pattern becomes stratified wavy flow. There still exist some bubbles generated 
from the tube wall of the main liquid layer and some liquid waves around the tube. When 
the liquid wave is strong enough to wet the entire tube periphery, the flow is 
characterized as annular flow. For the annular flow in evaporation, the continuous liquid 
film around the tube eventually dries out as it is heated, and all of the fluid becomes 
single phase vapor. 
The developing of evaporative flow in a heated channel under different vapor 
qualities has been discussed above. The flow patterns under different conditions inside 
the smooth tube are also compared with the traditional adiabatic method reported in 
Chapter 4, as demonstrated in Fig. 7-5. The flow regime transitions in the visualization 
under diabatic conditions do not change markedly. This might be because the heat flux 
condition is low. However, the author believes the real evaporative condition may affect 
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the flow regime if the heat flux is increased to a certain level that the nucleate boiling 
heat transfer mechanism dominates. 
 




G=180 kg/m2s, x=0.06, I 
 
G=180 kg/m2s, x=0.1, I 
 
G=180 kg/m2s, x=0.2, SW 
 
G=180 kg/m2s, x=0.35, SW 
 
G=180 kg/m2s, x=0.6, WA 
(b)Diabatic 
  
G=180 kg/m2s, x=0.08, I 
 
G=180 kg/m2s, x=0.1, I 
 
G=180 kg/m2s, x=0.2, SW 
 
G=180 kg/m2s, x=0.36, SW 
 
G=180 kg/m2s, x=0.67, WA 
Figure 7-5 Direct comparisons of flow patterns for shown vapor quality obtained by (a) adiabatic and (b) diabatic 
visualizations. (R410A, horizontal smooth tube, Tsat= 10°C, G= 180 kg/m
2s, q=1.92 kW/m2. Last letters: I, WA, 
SW indicate flow regimes ) 





7.4.3 FORMATION OF VAPOR PLUG IN ROUND TUBES 
Formation of a vapor plug at the earlier stage of the evaporative tube was investigated 
through the diabatic visualization section. Fig. 7-6 (a) and (b) show the top view and side 
view of the plug flow during the flow boiling. The experiment was conducted in the 
transparent smooth tube at G = 180 kg/m2s, Tsat = 10°C, Tsub=1.4°C, and q=1.92 kW/m2. 
At the inlet of the visualization section, the bulk fluid temperature is lower than its 
saturation temperature. As the wall temperature of the tube is raised above the saturation 
temperature and beyond the onset of boiling, some of the nucleation sites on the tube wall 
are activated. Under this heat flux condition, the mechanism of forced convection plays 
an important role and causes the liquid temperature to increase. Since the liquid nearby 
the bubble is superheated, interfacial evaporation (vapor expansion) takes place. 
Consequently, it is seen from the images that the detached bubbles grow in the flowing 
liquid. In addition, the shear force lets the growing bubbles flow from the two sides to the 
center (seen from Fig 7-6(a)), and the buoyancy force make the bubble travel up (seen 









Figure 7-6 (a) Top view and (b) side view of the plug formation in flow boiling. 
7.4.4 REWETTING PHENOMENON IN SLUG FLOW 
The other important finding from the diabatic visualization is the rewetting 
phenomenon in slug flow. Fig. 7-7 shows the slug flow of R410A during flow boiling in 
the smooth tube under diabatic conditions captured with the high speed camera. A Nikon 
55 mm lens was utilized with a speed of 3000 frames per second (fps). Each image in Fig. 
7-7 consists of 512×256 pixels, and the corresponding image size is about 20 mm×10 mm. 
The experiment was conducted at Tsat =10 °C, G =100 kg/m
2s, x=0.12, and q=1.7 kW/m2. 
The photos show the side views of the growing process for the slug flow due to Kelvin-
Helmholtz instability in the horizontal smooth tube. At t=0 ms, the flow pattern is 
stratified-wavy, and there is no bubble generated in the liquid refrigerant at the bottom of 
the tube. At t=25 ms, the liquid level is lifted up, and the crest of the roll-wave touches 
the upper part of the tube. In the meantime, fresh liquid was brought to rewet the dry 
surface. The nucleation sites on the rewetted wall are activated and generate bubbles. 
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Thus, bubble generation is seen in the liquid pool and the upper tube wall (with thin 
liquid film). At t=82 ms, the liquid level becomes lower and  then starts a new cycle. 
(a) t=0 ms 
 
(b) t=25 ms 
 
(c) t=82 ms 
 
Figure 7-7 Side views of flow regime in the saturated flow boiling of R410A in the 
transparent smooth tube at G = 100 kg/m2s, x=0.12, Tsat = 10 °C, and q = 1.7 kW/m
2 at 
different times: (a) t=0 ms (b) t=25 ms, and (c) t=82 ms. 
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A microscope lens was used to further observe more details of the bubble generation 
process. Fig. 7-8 (a)-(d) show the zoom-in pictures at the location near the liquid-vapor 
interface. The image size in each photo of Fig. 7-8 is 6.63 mm ×3.315 mm. At t=0 ms, 
the wave of the liquid-vapor interface has not reached the location we focused on, so no 
bubble is generated. At t=51 ms, the liquid level is elevated, and a bubble is consistently 
generated at the focused location. At t=99 ms, the wave at the liquid-vapor interface 
becomes irregular and the steepness increases. The generated bubbles follow the growing 
wave and the bubble generated frequency is enhanced as the increase of the wave 
velocity. At t=262 ms, the liquid-vapor interface goes down and the bubbles gradually 
disappear. In addition, some parameters for the generated bubbles are quantified through 
the video. Bubble departure diameter and bubble generation frequency are approximately 
0.05 mm and 580 Hz~720 Hz respectively. Moreover, it is observed that bubble 
generation frequency depends on the local liquid velocity, and it increases with the 











(a) t=0 ms (b) t=51 ms 
  
(c) t=99 ms (d) t=262 ms 
  
Figure 7-8 Side views of the bubbles along the flow during R410A flow boiling in the 
transparent smooth tube at G = 100 kg/m2s, x=0.12, Tsat = 10 °C, and q = 1.7 kW/m
2 at 
different times: (a) t=0 ms (b) t=51 ms, (c) t=99 ms, and (d) t=262 ms. 
7.4.5 EFFECT OF HEAT FLUX ON FLOW BOILING MECHANISM 
Heat flux condition affects the heat transfer mechanism during flow boiling. Bergles 
and Rohsenow [87] found three distinct zones in forced-convection surface boiling. As 
demonstrated in Fig. 7-9, the forced convection region, incipient boiling region, and fully 
developed boiling region are characterized under different heat flux conditions. At low 
wall superheat, the heat transfer is governed by the forced convection mechanism. In 
other words, nucleation sites on the tube wall are not triggered. At moderate wall 
superheat, some of the nucleation sites on the wall are activated, and the heat transfer is 
determined by the combined effects of forced convection and surface nucleate boiling. At 
higher wall superheat, the effect of forced convection seems to disappear, and nucleate 















Incipient boiling Fully developed boiling
 
Figure 7-9 Illustration of three distinct regions in flow boiling. 
In order to study the heat transfer mechanism during flow boiling through our 
visualization technique, experiments were conducted under different heat flux conditions. 
Fig. 7-10(a)-(d) shows the captured photos of R410A flow boiling conducted at G=180 
kg/m2s, and x=0.02-0.07. Under this condition, the tube is mainly full of liquid refrigerant 
and vapor plug or slug flows at the top. In Fig. 7-10(a), the visualized tube is under near 
adiabatic conditions, as is most of the two-phase visualization in literature. To increase 
the heat flux condition, the secondary fluid (water) is heated by a cartridge heater. Fig. 7-
10 (b) shows the case of q=1.45 kW/m2, and it is found that no nucleation site on the tube 
wall is activated. The heat transfer to the refrigerant is still through the forced convection 
mechanism. When q is 1.92 kW/m2, it is seen in Fig. 7-10(c) that some nucleation sites 
are activated. Some of heat is transferred to the refrigerant through bubble generation, so 
the flow is in the region of incipient boiling or partial boiling. Note that the 3D printed 
material (clear polymer) becomes soft and cannot hold the pressure as the water 
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temperature exceeds 40°C. For the purpose of increasing the heat flux condition, the 
saturation temperature of the refrigerant side was decreased (increase the temperature 
difference between the water side and refrigerant side). The saturation temperature of 
R410A in the case of Fig. 7-10(d) is 3.7°C and the heat flux is 2.70 kW/m2. It is seen that 
more nucleation sites are activated, but the forced convection mechanism still plays an 
important role. Consequently, the heat flux condition affects the heat transfer mechanism 
during flow boiling, and the bubble population increases as the heat flux increases. The 
visualization data captured under the current conditions with the current facility are in the 
forced convection region and incipient boiling region (convection+ nucleate boiling). 
(a) (b) 
 
Tsat= 10 °C, x=0.02 , q≈0 kW/m
2 
 




Tsat= 10 °C, x=0.02 , q=1.92 kW/m
2 
 
Tsat= -3.7 °C, x=0.07 , q=2.7 kW/m
2 
Figure 7-10  Diabatic visualization of flow boiling in smooth tubes with different heat 
flux conditions: (a) Tsat= 10 °C, q≈0 kW/m
2, (b) Tsat= 10 °C, q=1.45 kW/m
2, (c) Tsat= 





7.5 SUMMARY AND CONCLUSIONS 
A novel technique for visualizing in-tube two-phase flow under diabatic conditions 
was developed. R410A flow boiling experiments were conducted in a horizontal 3D 
printed smooth round tube. The following conclusions can be drawn. 
• Compared to the traditional adiabatic visualization technique, the more realistic 
evaporative condition is simulated, and the developing evaporation process is 
captured. 
• As the wall temperature exceeds the onset of boiling, bubbles are generated from 
the heated tube wall. The departed bubbles coalesce with nearby bubbles, and a 
vapor plug is finally formed at the center top of the tube (Fig. 7-6). 
• Liquid slug affects nucleation on the tube wall. When the roll-wave (slug) touches 
the upper part of the round tube, it brings fresh liquid to rewet the dry surface. 
The rewetted nucleation sites are activated and start to generate bubbles (Fig. 7-7). 
• The bubble generation frequency is not a constant value in the region of slug flow, 
and it increases as the local liquid velocity increases. 
• Heat flux condition affects the heat transfer mechanism. The visualization data 
captured in our current facility are in the forced convection zone and incipient 





Chapter 8 DIABATIC VISUALIZATION SHOWS 
EFFECTS OF MICRO-FINS ON EVAPORATION OF R410A: 
SMOOTH, AXIAL MICRO-FINNED, AND HELICAL MICRO-
FINNED TUBES 
8.1 INTRODUCTION 
Evaporation in horizontal round tubes is a complicated process, in which the heat 
transfer is related to different mechanisms such as nucleate boiling, convection, and thin 
film evaporation. The traditional visualization method for the two-phase flow pattern can 
not reflect the practical evaporation process since the visualized tube is not heated. 
Therefore, a novel diabatic method was developed, and the effect of diabatic conditions 
on the flow regime in horizontal smooth round tubes has been discussed in Chapter 7. 
This chapter primarily investigates the micro-fins effect on R410A evaporation in round 
tubes through visualization under diabatic conditions. Flow behavior of different flow 
regimes during evaporation inside the transparent smooth, axial micro-finned and helical 







8.2 RESULTS AND DISCUSSION 
8.2.1 BUBBLY FLOW 
At the beginning of the evaporation process in the evaporator, the fluid enters the tube 
as a subcooled liquid. In the subcooled region, some of the nucleation sites on the tube 
wall are activated when the wall temperature is higher than the onset of boiling. Fig. 8-
1(a)-(c) show the visualization of R410A bubble flow at vapor quality around zero in the 
smooth, axial micro-finned (0° helix angle), and 10° helical micro-finned tubes. The 
experiments were carried out at G=180 kg/m2s, Tsat=10°C and the inlet subcooling of the 
visualization section is 1.4°C~2°C. Each image in Fig. 8-1 was taken with the high speed 
camera using a Nikon 55 mm lens with a resolution of 512×256 pixels. The 
corresponding image size is approximately 20 mm×10 mm. For this bubbly flow pattern 
in the three tubes, it is seen that the tube is mainly full of liquid and some bubbles are 
generated at the tube wall. The bubbles depart from the wall and grow with the flowing 
fluid. To be noted that the bubble grows because the liquid nearby is superheated, which 
causes interfacial evaporation (vapor expansion). 
(a) smooth  (b) axial  (c) helical  
   
Figure 8-1 Bubbly flow of R410A at the saturation temperature of 10°C captured in the 
(a) smooth tube (G=180 kg/m2s, q=1.8 kW/m2, and Tsub=2°C), (b) axial micro-finned 
tube (G=180 kg/m2s, q=1.8 kW/m2, and Tsub=2°C), and (c)10°helical micro-finned tube 
(G=180 kg/m2s, q=1.89 kW/m2, and Tsub=1.4°C).  
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To further investigate the micro-fin effect on the flow behavior, a microscope lens 
was used to take the zoom-in images for the bubble generation process in the three tubes, 
as shown in Fig. 8-2(a)-(c). Each image in Fig. 8-2 consists of 512×512 pixels, and the 
corresponding image size is about 6.63 mm×6.63 mm. For the smooth tube (Fig. 8-2(a)), 
the growing process of the departure bubbles is clearly seen in a bubble train. The heat 
transfer between the liquid and the bubble results in the phase growth (vapor expansion). 
In Fig. 8-2(b), the experiment was conducted in an axial micro-finned tube. It is found 
that the bubbles are generated in the region of micro-grooves because the superheat is 
higher at the groove valley than the fin tip. In contrast to the smooth tube, the generated 
bubbles are interfered with the fin geometry during the growing process. The generated 
bubbles depart from the nucleation sites and flow along the grooves when their sizes are 
smaller than the groove width. The bubbles continue growing and escape from the 
confined channel as their sizes become larger than the groove width. Fig. 8-2(c) shows 
the evaporation in a 10° helical micro-finned tube. Similar to the axial micro-finned tube, 
nucleate boiling occurs at the groove region. However, the departed bubble from the 











































Figure 8-2 Evaporation in (a) smooth, (b) axial micro-finned, (c) helical micro-finned 
tubes. 
 
A sequence of zoom-in images captured inside a 10° helical micro-finned tube is used 
to further describe the fin geometry effect on the generated bubbles, as demonstrated in 
Fig. 8-3. The image size is 3.74 mm×3.74 mm, and the related schematic view for bubble 
behavior is presented below. It is seen from the captured image that bubbles are 
generated in the grooves rather than fin. Focus on the groove pointed out by the red arrow 
in the image. There are two bubbles (generated from the same nucleation site at different 
times) in the groove at the beginning (t=0 ms). The direction of the main liquid flow in 
the tube (capture image) is from left to right. At t= 3 ms, the bubble on the right-hand 
side flows with the fluid (liquid refrigerant) along the groove direction, and the bubble on 
the left-hand side just departs from the nucleation site. At t=6 ms, the right side bubble 
touches the helical fin and lowers its velocity, so the left side bubble chases it. At t=9 ms, 
two bubbles merge to one bigger bubble. As the two bubble merges, the surface free 
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energy is converted into kinetic energy, so the bubble is accelerated. The relative velocity 
of the bubbles can be estimated through the traveling distance in a certain period. From 
t=3.1 ms to 6.2 ms, the left-hand side small bubble travels 9 pixels during this period. For 
the bigger bubble (after bubbles coalescence), it moves 60 pixels in the image from t=9.3 
ms to 12.4 ms. The longer traveling distance of the big bubble for the same duration 
indicates it has a higher velocity. In summary, the flowing bubble is retarded by the 
helical micro-fins, and is then chased by the following bubble. Two bubbles merge to a 
bigger one and travel with a higher speed than the small bubbles.   
 








Figure 8-3 Captured images and the related schematic views of generated bubbles inside a 10° helical micro-
finned tube with micro-scope lens 
8.2.2 PLUG FLOW  
Plug flow occurs when the bubble concentration becomes high. As described in 
Chapter 7, the bubbles generated from the heated wall tend to flow to the center top of the 
tube due to the buoyancy force and shear force. Some bubbles coalesce and form a bullet 
shaped vapor plug (pocket of vapor) at the center top of the tube. The visualization of the 
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plug flow of R410A in the smooth, axial micro-finned, and 10° helical micro-finned 
tubes are demonstrated in Fig. 8-4(a)-(c). The plug flow in the three tubes show some 
similarity: Nucleate boiling takes place in the main liquid level (liquid pool), and the 
vapor plug flows at the upper part of the tube. Besides, the micro-fin effect on the 
generated bubbles is similar to that described in the last section. 
(a) smooth  (b) axial  (c) helical  
   
Figure 8-4 Plug flow of R410A at the saturation temperature of 10°C captured in the (a) 
smooth tube (G=180 kg/m2s,x=0.01, q=1.92 kW/m2), (b) axial micro-finned tube (G=180 
kg/m2s,x=0.02, q=1.8 kW/m2), and (c) 10°helical micro-finned tube (G=180 kg/m2s, 
x=0.02, q=1.89 kW/m2). 
8.2.3 SLUG FLOW  
When the vapor quality is increased, the size of the vapor plug becomes large and 
eventually separates the fluid into two distinct layers. Slug flow is a type of intermittent 
flow pattern for which the interfacial wave grows to crest at the top of the tube (liquid 
slug) and goes back to stratified flow periodically. The growth of the interfacial wave is 
triggered by the Kelvin-Helmholtz instability as the velocity difference between vapor 
and liquid is high enough. When the interfacial wave reaches the top of the tube, the 
liquid slug is pushed by the vapor and thus travels with a higher velocity. The 
visualization of the slug flow in the smooth, axial micro-finned, and 10° helical micro-
finned tubes are presented in Fig. 8-5(a)-(c). Each image in Fig. 8-5(a)-(c) covers the 
whole tube diameter, and the size is around 20 mm×10 mm. It is seen from the captured 
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photos that the fresh liquid is lifted up to rewet the dry surface, and the nucleation sites 
on the rewetted wall are activated and generate bubbles. 




Figure 8-5 Slug flow of R410A at the saturation temperature of 10°C captured in the (a) 
smooth tube (G=100 kg/m2s,x=0.16, q=1.18 kW/m2), (b) axial micro-finned tube (G=100 
kg/m2s, x=0.22, q=1.56 kW/m2), and (c) 10° helical micro-finned tube (G=100 kg/m2s, 
x=0.2, q=1.89 kW/m2). 
To further investigate the micro-fin geometry effect on slug flow, the microscope lens 
was used to take the zoom-in image. Fig. 8-6(a) and (b) show the magnified images 
focusing on the flow at the upper region of the axial and helical micro-finned tubes, 
respectively. As mentioned above, the slug flow is a periodic flow pattern of growing 
interfacial wave (liquid slug) and stratified wavy. In Fig. 8-6(a) and (b), the flow pattern 
is presented as stratified wavy, which indicates that vapor occupies the upper part of the 
tube and the wall surface is supposed to be dry. However, there is some liquid refrigerant 
trapped in the grooves due to surface tension. It is found that some bubbles are generated 
in this thin liquid layer. Thus, more nucleate boiling occurs at the upper part of the micro-
finned tubes compared to the smooth. Moreover, the influences of the liquid slug on the 
nucleation site is described and demonstrated with a sequence of zoom-in images 
captured inside a 10° helical micro-finned tube, as shown in Fig. 8-7. Note that the 
direction of the two-phase refrigerant flow is from left to right in the captured image. At 
t=0 ms, vapor refrigerant flows at the upper part of the tube, and the interfacial wave 
(liquid slug) has not passed through the nucleation site which is focused on. It is seen that 
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bubbles are generated in the thin liquid layer trapped in the groove and then condensed. 
At t=13.18 ms, the K-H instability has been triggered but the liquid slug has not reached 
the nucleation site marked in the image. The dark curve in the middle of the image is the 
liquid vapor interface, and the nucleation site is still in the vapor region. At t=16.36 ms, 
the liquid slug has passed through the marked nucleation site and rewetted the surface. 
After the flushing with the liquid slug (at t=28.63 ms), generated bubbles are growing 
and taken away by the flowing liquid. The local liquid velocity is high, and the bubble 
















in the trapped liquid 
 
Figure 8-6 Zoom-in images focusing on the upper part of the (a) axial and (b) helical 
micro-finned tubes. 
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8.2.4 STRATIFIED WAVY FLOW  
Fig. 8-8(a)-(c) presents the stratified wavy flow of R410A in the smooth, axial micro-
finned, and 10° helical micro-finned tube. This flow pattern occurs as the vapor velocity 
is low. The liquid and vapor phase of the refrigerant are separated into the two distinct 
layers. Due to gravity, the upper part is vapor and the liquid pool stays at the bottom. In 
the liquid pool, some bubbles are generated at the heated tube wall, which indicates the 
part of the heat transferred from the wall to refrigerant through the nucleate boiling 
mechanism. For the upper part of the wall, however, the heat is transferred only through 
the convection of vapor because the surface is dry. Thus, the heat transfer in this flow 
pattern is not uniform around the tube and is inefficient compared to the annular flow. In 
addition, there is no significant difference of the observed stratified flow between the 
three tubes. Only in the helical micro-finned tube, some liquid close to the interface is 
slightly lifted up in the micro-grooves attributed to the capillary force. 
(a) smooth  (b) axial  (c) helical  
  
 
Figure 8-8 Stratified flow of R410A at the saturation of 10°C captured in the (a) smooth 
tube (G=100 kg/m2s, x=0.092, q=1.83 kW/m2), (b) axial micro-finned tube (G=100 
kg/m2s, x=0.10, q=1.48 kW/m2), and (c) 10° helical micro-finned tube (G=100 kg/m2s, 
x=0.10, q=1.89 kW/m2). 
8.2.5 WAVY ANNULAR FLOW 
With the increase of the vapor velocity, the liquid wave around the tube becomes 
stronger. When the liquid refrigerant wets all the tube periphery, the flow is characterized 
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as annular flow. At the beginning of the annular type flow pattern in the evaporator tube, 
the flow still keeps part of the characteristics of the stratified flow and presents a thicker 
film at the bottom of the tube. This flow configuration is a transition status of the 
stratified wavy to the fully annular flow and is commonly called wavy annular flow. Fig. 
8-9(a)-(c) display the wavy annular flow inside the smooth, axial micro-finned, and 
helical micro-finned tubes. Since the nucleate boiling mechanism is suppressed when the 
fluid velocity is high, the flow behavior is almost the same as that visualized from the 
adiabatic method. The axial micro-fins do not provide an additional upward force, and 
the annular flow occurs at a similar vapor quality as the smooth tube, as shown in Fig. 8-
9(a) and (b). For the helical micro-finned tube, it is seen from Fig. 8-9(c) that the main 
liquid level in the helical micro-finned tube is higher than that in the smooth and axial 
micro-finned tube (Fig. 8-9(a) and (b)). This means that the annular flow takes place at a 
lower vapor quality. The swirling flow caused by the helical grooves brings additional 
upward momentum so that the liquid could reach a higher location. In addition, the 
capillary force helps the inertial force to bring the liquid refrigerant up along the groove, 
so it is found that some liquid wave flows upward along the helical groove. This early 
transition to annular flow indicates that the flow pattern in the helical micro-finned tubes 
is more annular than the smooth and axial micro-finned tubes. The more wetted surface 






(a) smooth  (b) axial  (c) helical  
   
Figure 8-9 Wavy annular flow of R410A at the saturation temperature of 10°C captured 
in the (a) smooth tube (G=250 kg/m2s, x=0.35, q=1.8 kW/m2), (b) axial micro-finned tube 
(G=250 kg/m2s, x=0.35, q=1.8 kW/m2), and (c) 10° helical micro-finned tube (G=250 
kg/m2s, x=0.22, q=1.89 kW/m2). 
8.3 CONCLUDING REMARKS 
This chapter studied the micro-fin geometry effect on the flow behavior in 
evaporation through the novel diabatic visualization approach. Different flow regimes in 
the smooth, axial micro-finned, and helical micro-finned tubes are experimentally 
investigated. The following conclusions are obtained. 
• Micro-fin geometry influences bubble generation in round tubes. Bubbles are 
mainly generated in the groove region due to higher superheat (Fig. 8-2). The 
generated bubbles depart from the nucleation sites and flow along the grooves 
when their sizes are smaller than the groove width. The bubbles continue growing 
and escape from the confined channel as their sizes are larger than the groove 
width. 
• In the helical micro-finned tube, the flowing space of some bubbles are limited by 
the fins. The axial velocity of the bubble becomes slower as it touches the fin. The 
bubble with a lower velocity is then chased by the following bubble. Two bubbles 
merge to a bigger one and travel with a higher velocity than the small bubbles 
(Fig. 8-3).  
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• The liquid slug influences the nucleation sites at the upper part of the micro-
finned tube. As the liquid slug has not passed through the nucleation sites, 
bubbles are generated in the thin liquid layer trapped in the groove and then 
condensed. After the liquid slug flushes the nucleation sites, generated bubbles 
are growing and taken away by the flowing liquid. The local liquid velocity is 
high, and the bubble generation frequency from the nucleation sites is 
significantly increased. 
• In the stratified wavy flow, some bubbles are generated from the heated tube wall 
at the liquid pool, indicating part of the heat is transferred from the wall to the 
refrigerant through the nucleate boiling mechanism. There is no significant 
difference of the observed stratified flow between the three tubes.  
• The annular flow pattern is almost the same as that visualized through the 
traditional adiabatic method since the nucleate boiling mechanism is suppressed 
when the fluid velocity is high. Compared to the smooth and axial micro-finned 
tubes, annular flow takes place at a lower vapor quality since the swirling flow 





Chapter 9 ANALYSIS OF HEAT TRANSFER FOR FLOW 
BOILING THROUGH DIABATIC VISUALIZATION 
9.1 INTRODUCTION 
In Chapter 7, a new technique for visualizing the two-phase flow in clear smooth and 
micro-finned tubes under diabatic conditions was proposed. Compared to the traditional 
adiabatic visualization technique, the more realistic evaporative condition is simulated, 
and the developing evaporation process can be captured. In order to further understand 
the physics behind the visualized flow behavior, the objective of this chapter is to 
quantify the bubble parameters through visualization and analyze the heat transfer 
mechanisms for flow boiling in horizontal round tubes.  
9.2 HEAT TRANSFER ANALYSIS THROUGH VISUALIZATION 
Fig. 9-1 (a) and (b) show the top view and side view of the flow boiling for the vapor 
quality around zero. The experiment was conducted in the transparent smooth tube at G= 
180 kg/m2s, Tsat = 10°C and q=1.92 kW/m
2, and the flow at the inlet of the visualization 
is 1.4°C subcooling. It is seen that some nucleation sites on the tube wall are activated. 
Then, the detached bubbles grow and merge with the nearby bubbles to form a vapor plug 
at the top center of the tube. The related schematic view for explanation of mechanisms 
isdemonstrated in Fig 9-2. At the inlet of the visualization section, the bulk fluid 
temperature is lower than its saturation temperature, and the refrigerant is subcooled. As 
the wall temperature of the tube is raised above the saturation temperature and beyond the 
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onset of the boiling, some of the nucleation sites on the tube wall are activated. Since the 
mechanism of convection plays an important role under moderate heat flux condition 
(incipient boiling or partial boiling region), the bulk fluid is superheated and causes the 
detached bubbles to grow. The wall heat flux is transferred to the refrigerant through the 
nucleate boiling mechanism (bubble generation) and forced convection mechanism 
(sensible heat transfer). Besides, the liquid nearby the bubble is superheated and causes 
the bubble to grow (film boiling). Through the captured videos, different heat transfer 
mechanisms during the flow boiling can be further analyzed and quantified. The details 
of the parameter quantification and the analysis of different heat transfer mechanisms are 
described in the following subsections. 
(a) (b) 
  
Figure 9-1 (a) top view and (b) side view of the plug flow of R410A during flow boiling (G= 


















Figure 9-2 Schematic illustration of the captured two-phase flow at vapor quality around 
zero. 
9.2.1 QUANTIFICATION OF THE BUBBLE PARAMETERS  
In order to determine the quantity of the heat transferred from the tube wall to the 
refrigerant through nucleate boiling (bubble generation), the parameters such as bubble 
generation frequency (f), bubble departure diameter (Dd), and the active nucleation site 
density (N) should be quantified. The bubble generation frequency for a nucleation site 
was determined by measuring how much time it takes to generate 50 bubbles. The bubble 
departure diameter is measured at the moment when the bubble begin to slide and the 
diameter is determined by counting the pixels of the bubble boundary in the photo. 
To estimate the active nucleation site density, it is important know the real area that is 
accounted for in the captured photo. As demonstrated in Fig. 9-3, the video of the two-
phase flow is captured from the side of the tube and the video control volume only 
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represents a small part of the whole tube. Since the object in the video is a curved surface, 
the projection area (h×w) cannot reflect the viewing area (P×w). In addition, the depth of 




Figure 9-3 Schematic view of the video control volume in the visualized tube. 
 
There are two situations for calculating the viewing area as illustrated in Fig. 9-4. In the 
first case, the depth of field is larger than tr, and the details of the calculation are shown in 
the following equations, 
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In the second case, the depth of field is smaller than tr, and the viewing area is calculated 
with Eq. (9-2) 
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Figure 9-4 Illustration of viewing area calculation 
 
As the above discussion, the depth of field is needed for calculating the viewing area. 
Depth of field is the distance between the two extreme axial points where an image is 
judged to be in focus, as illustrated in Fig. 9-5. In other words, the image captured by the 
camera will be blurry when the camera is too close to or too far away from the object. In 
order to estimate the depth of field for the corresponding lens in our visualization set-up, 
an in-focus calibration test is performed. As shown in Fig. 9-6, a known size particle is 
placed at the center of the tube (visualization section) and the high speed camera is 
placed on an adjustable optic platform, which is used to provide the precise adjustment of 
horizontal position of the camera. The resolution of position adjustment is 0.1 mm. The 
photos captured from far to close (camera position) are analyzed through the image 
processing to determine if they are in focus. The images are first converted into pixel 
values, which describe the brightness of the pixel. The pixel value ranges from 0 to 255 
(i.e., 8-bit), where 0 is a fully black pixel and 255 is a white pixel. A pixel with grayness 
is given a pixel value between 0 to 255 and is proportional to its light intensity. The 
critical grayscale gradient indicator (GIcritical), proposed by Koh et al. [88] is used as the 
in-focus criterion. The details of the in-focus calculation are described in Xu and 
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Hrnjak’s work [89]. With the in-focus criterion, the depth of field for the corresponding 
lens can be estimated. 
 
Figure 9-5 Schematic diagram of (a) image of single particle at different focal distance 
 
 
Figure 9-6 calibration test of the depth of field 
 
9.2.2 TOTAL WALL HEAT FLUX 
In the diabatic visualization section, the wall heat flux to the refrigerant is provided 
by the water flowing through the transparent concentric tubes. The heat transfer to the 
refrigerant is based on the heat transfer from the water minus the heat loss to the ambient. 
The heat transfer from the water is estimated through the water temperature difference 
between the inlet and outlet of the visualization section times the mass flow rate. The heat 
 










loss to the ambient is estimated through a calibration test. The total wall heat flux is 
calculated by the following equation, 
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9.2.3 DIFFERENT HEAT TRANSFER MECHANISMS 
9.2.3.1 NUCLEATE BOILING (BUBBLE GENERATION) 
The heat flux for bubble generation is computed as the latent heat carried away 
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where f is bubble generation frequency, Dd is the bubble departure diameter, and N is the 
number of the active nucleation sites per viewing area. The parameters mentioned above 
are quantified through our captured high speed videos. 
9.2.3.2 CONVECTION 
The other heat transfer mechanism from the wall to the fluid is through convection 
(single-phase heat transfer), which is the other part of the wall heat flux and is estimated 
by Eq. (8-5) 
 conv w evapq q q= −     (8-5) 
The heat can be further transferred from the liquid to the bubbles or to the liquid vapor 
interface (ex: film boiling at the interface of the stratified flow). 
1) Bubble growth  
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Under the heat flux conditions in the experiments (relatively low heat flux), the single 
phase convection mechanism plays an important role, and the liquid refrigerant in the 
visualization is superheated. The heat coming from the superheated liquid causes the 
departed bubbles to grow. The liquid nearby the bubble is evaporated (vapor expansion), 
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    (9-6) 
The volume change rate is estimated from the dimeter change of the growing bubble in 
the viewing area as demonstrated in Fig. 9-7(a) and (b). The value of t is the time taken 
as the diameter changes from D1 to D9, which is known from the captured high speed 
video. 
 












Figure 9-7 A growing bubble train in a superheated liquid within the viewing area:(a)schematic 
and (b) photographic views. 
 
2) Other mechanisms 
The heat transfer transferred from the liquid through other mechanisms is estimated 






















 ,conv other conv bubblegrowthq q q= −     (8-8) 
9.2.4 UNCERTAINTY ANALYSIS 
To estimate the overall uncertainties of the total wall heat flux, the heat flux for 
nucleate boiling, the heat flux for convection and the heat flux for bubble growth in the 
visualization section, an error propagation analysis is conducted using the methodology 
(root-sum-square method) developed by Moffat [29]. The uncertainty of the total wall 
heat flux in the diabatic visualization section is attributed to the temperature measurement, 
mass flow rate measurement, and length measurement, and the main cause of the 
uncertainty is the small ΔT between the inlet and outlet of the water temperature. In order 
to reduce the uncertainty, the water mass flow rate was lowered to increase the water 
temperature difference. The maximum value of the expanded uncertainty for the total 
heat flux is 46.9 % with the smallest heat flux condition and the median value is 22.5%. 
The uncertainties are based on 95% confidence level. The heat flux for nucleate boiling 
(bubble generation) is quantified through the captured video, and the majority of the 
uncertainty comes from the measurement of bubble diameter. The uncertainty of the 
bubble diameter is attributed to the accuracy in the estimation of pixels and the 
calibration element (conversion of millimeters and pixels). A 2 pixel uncertainty is 
considered for the boundary of the bubble (liquid-vapor interface), and the uncertainty of 
the calibration element is 0.01 mm. The maximum expanded uncertainty of the heat flux 
for nucleate boiling is 66.9%, and the median value of the overall uncertainty is 35.4%. 
The majority uncertainty of the heat flux for bubble growth is also from the measurement 
of the growing bubble diameter and the median value is 17.9%. 
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9.3 RESULTS AND DISCUSSION 
In flow boiling, three distinct regions with different mechanisms were found and 
explained by Bergles and Rohsenow [87], as demonstrated with the schematic view in 
Fig. 7-9. In the forced convection region (low wall superheat), the heat transfer is 
governed by forced convection. In the incipient boiling region (moderate wall superheat), 
relatively few nucleation sites are activated and a large proportion of heat from the wall is 
transferred to the fluid through single-phase convection. The heat transfer is determined 
by the combined effects of forced convection and surface nucleate boiling. As the heat 
flux increases, the active sites increase and the convection portion decreases. Finally, the 
effect of forced convection seems to disappear in the fully developed boiling region (high 
wall superheat). In our visualization experiment, the provided heat flux condition is 
limited because of the tube material. The 3D printed evaporative tube is made of optically 
clear resin, and its thermal conductivity is around 0.21 Wm-1K-1, which is only 0.1% of 
aluminum. Besides, the hard resin becomes soft or rubbery when the water (secondary 
fluid) temperature is over 40°C. Then, the resin tube could not hold the high pressure any 
more. Thus, the heat flux to the refrigerant is relatively lower than that in a normal metal 
evaporative tube and not enough to reach the fully developed boiling region. In other 
words, the captured videos in our work are in the forced convection region and incipient 
boiling region.  
The flow boiling of R410A with mass flux of 180 kg/m2s and vapor quality around 
zero in the smooth tube is analyzed through the current visualization data by the method 
described in Section 9.2.3. Under this flow condition, the tube is mainly full of liquid 
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refrigerant and no dry surface around the tube periphery.  Fig. 9-8 shows the nucleate 
boiling and forced convection contribution to the total wall heat flux. In the plot, the solid 
symbols represent the estimated heat flux from the experimental data. For the case of heat 
flux of 1.45 kW/m2, the onset of nucleate boiling has not been reached, and there are no 
active nucleation sites seen in the visualization. All of the heat transferred to the 
refrigerant is through the convection mechanism. As the heat flux is increased to 1.92 
kW/m2, some nucleation sites on the tube wall are triggered and the proportion of 
nucleate boiling accounts for 1.55% of the total heat flux. Further increasing the heat flux 
to 2.7 kW/m2, the forced convection mechanism still dominates, but the proportion of 
nucleate boiling becomes 5.67%. In addition, the heat flux for bubble growth is also 
quantified through the video, and it accounts for approximately 15% of the total heat flux. 
Due to the limit of the current facility, the heat flux in the diabatic visualization can not 
reach the fully-developed region of nucleate boiling. The dashed curve is the polynomial 
extrapolation of the experimental data point for roughly predicting the trend.  It is seen 
that the nucleate boiling will contribute to all of the heat transfer when the heat flux is 




Figure 9-8 The relative contribution of convection and nucleate boiling under different 
heat fluxes. 
 
The proportion of the heat transfer mechanisms with a variety of vapor quality are 
also analyzed and presented in Fig. 9-9. The schematic flow patterns related to the 
experimental data points are given for reference. The experiments were conducted in a 
6.3 mm smooth tube at  Tsat=10 °C, G=180 kg/m
2s, and q≈1.6 kW/m2. As the vapor 
quality is around zero, the tube is full of liquid and many bubbles are generated. The 
nucleate boiling accounts for 2% of the total heat flux. For x=0.1, the flow pattern is 
intermittent flow. The proportion of liquid around the tube periphery becomes low, so the 
nucleate boiling contribution to the total wall heat flux is lower than the all liquid case. In 
this flow pattern, heat flux for bubble growth is around 20% of the total heat flux, which 
is larger than the previous case because the liquid temperature is higher. For x=0.17, the 
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the main liquid layer. For x=0.35, bubbles are not seen in this heat flux condition since 
the velocity of the fluid is high and convection is stronger. For x=0.67, the flow pattern 
becomes annular flow. The heat transfer coefficient in the region of annular flow is 
higher so the superheat is lower (Twall-Tsat). The nucleation sites are harder to activate and 
most of the heat is transferred from the wall to the liquid film through convection. 
Although the absolute value of nucleate boiling heat transfer is small in the current 
experimental conditions, the trend still provides some information concerned with the 
heat transfer mechanisms in different flow regimes.  
 
Figure 9-9 The relative contribution of the convection and nucleate boiling of flow 
boiling under different vapor qualities. 
 
Diabatic visualization and quantification of captured videos provide a better insight 
about the heat transfer mechanisms inside the horizontal round tube especially for the 
nucleate boiling and bubble growth. Based on the visualization data, the contributions of 


































in Fig. 9-10 with the related flow regimes. In the single phase liquid region, all of the heat 
is  transferred from the tube wall to the liquid refrigerant by convection. When the wall 
temperature is higher than the saturation temperature (over onset of nucleate boiling), 
some of the nucleation sites on the tube wall are activated. Thus, the heat is transferred 
from the wall to the refrigerant through nucleate boiling and convection (liquid). The 
temperature of the liquid refrigerant is slightly higher than the saturation temperature due 
to the convection mechanism, and the superheated liquid makes the generated bubbles 
grow in the fluid. When the bubble population increases, some bubbles merge and form a 
vapor plug at the center top of the tube. The film evaporation occurs at the liquid-vapor 
interface. As the size of the vapor plugs becomes large enough to occupy the upper part 
of the whole tube, the vapor and liquid are separated into two distinct layers. In this 
stratified type of flow pattern, some of the heat is transferred from the wall to the vapor 
refrigerant by convection, and the contribution of liquid convection to the total heat flux 
decreases. When the vapor quality increases, the fluid velocity becomes higher and 
suppresses nucleate boiling. In the current experimental condition (heat flux and mass 
flux) mentioned in the last paragraph, nucleate boiling is not seen in the liquid pool for 
the vapor quality of 0.35. Therefore, heat from the wall is transferred to the liquid and 
vapor only through convection, and some of the heat is then transferred to the vapor 
through film evaporation.  Moreover, the higher vapor velocity enables the waves 
appearing on the stratified liquid to sweep up around the wall. More liquid film around 
the tube indicates that the proportion of heat transferred to the liquid through convection 
increases. When the vapor velocity reaches a certain value, the liquid wave is strong 
enough to wet the entire tube periphery and form annular flow. For this flow pattern, all 
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the heat from the wall is transferred to the liquid film (around the tube wall) through 
convection. Then, some of the heat is transferred from the liquid film to the vapor core 
through film evaporation. As the onset of dry-out takes place, the continuous liquid film 
breaks up and the heat transfer mechanism is similar to the stratified flow pattern. Finally, 
all the liquid dries out and all the heat is transferred to the vapor refrigerant through 
convection. 








































































Figure 9-10 Schematics of flow regimes and variation of heat transfer mechanisms in a 
horizontal round tube.  
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9.4 SUMMARY AND CONCLUSIONS 
The objective of this chapter is to present the heat transfer analysis for flow boiling in 
horizontal smooth tubes through visualization under diabatic conditions. R410A flow 
boiling experiments were conducted. Parameters of the generated bubbles such as 
departure diameter and frequency were quantified, and the details for analyzing different 
heat transfer mechanisms in the visualized two-phase flow were discussed. Two regions 
of flow boiling were found in the current experiments. When the superheat is not enough 
to reach the onset of boiling, the heat transfer is governed by forced convection. At a 
higher heat flux, the heat is transferred by the mechanisms of forced convection and 
surface nucleate boiling. However, nucleate boiling only accounts for up to 5.67% of the 
total heat flux in the experiments due to the limit of the heat flux conditions. Experiments 
for flow boiling will be improved and more heat flux conditions are needed for further 
investigation of the mechanisms. Additionally, heat transfer mechanisms in different flow 
regimes (vapor quality conditions) were quantified, and the contribution of convection to 
the total heat flux increases with the increase of vapor quality. Although the 
quantification could only be done for the mechanisms such as nucleate boiling and 







Chapter 10 EFFECT OF MATERIAL SELECTION OF 
TRANSPARENT DIABATIC TUBE ON SURFACE TENSION 
AND FLOW REGIMES 
10.1 INTRODUCTION 
A new technique for visualization of two phase flow regimes in evaporation (diabatic 
condition) has been presented earlier, but many questions were related to the relevance of 
the data due to change of the material: Cu or Al was replaced by the transparent polymer.  
In other words, the effect of surface tension for these materials is challenged and this is 
the main deliverable of this chapter. The visualization technique as well as comparative 
measurements of contact angles for Al and resin polymer explored with water, R245a and 
R410A is presented.  
 
10.2 MEASUREMENT OF THE WETTABILITY OF THE 
SURFACES FOR THREE FLUIDS 
Wetting characteristic refers to the interaction between fluid and solid phases and is 
the tendency for liquid to spread out or adhere to a solid surface. Contact angle is the 
most common way to quantify the wettability of a solid surface by a liquid. Consider a 
liquid drop on a flat solid surface. The contact angle is defined as the angle formed by the 
intersection of the liquid-solid interface and the liquid-vapor interface, as demonstrated in 
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Fig. 10-1. The surface tension of liquid-vapor, liquid-solid, and solid-vapor are balanced 
on the line of contact with the surface (in the x direction), which is the well-known 
Young relation. 
 coslv c sv ls   = −     (9-1) 
where γlv, γsv, and γsl represent the liquid-vapor, solid-vapor, and solid-liquid interfacial 
tensions, respectively, and θc is the contact angle. In general, the larger the wetting 
tendency, the smaller the contact angle. If the contact angle is less than 90°, the surface is 
water favorable, which means the liquid tends to spread over a large area on the surface. 
If the contact angle is greater than 90°, the surface is water unfavorable. The liquid tends 
to minimize the contact with the surface and form a compact liquid droplet. For the 
contact angle larger than 150°, it is usually called as a superhydrophobic surface. The 
liquid droplet will ball up showing almost no contact with the surface.  
c  
lv    
sv    ls    
 
Figure 10-1 Schematic of a liquid droplet wetted to a solid surface 
10.2.1 EXPERIMENTAL FACILITY FOR WATER DROPLET 
The schematic view of the test facility for measuring the contact angle of the water 
droplet on the target surface is shown in Fig. 10-2. The apparatus consists of a syringe 
pump, water pipe, a three-way valve, a needle, a high speed camera, and an LED light 
panel. A syringe pump was used to provide a desired size of water droplet for contact 
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angle measurement. The model of the pump is New Era, NE-1000, whose infusion rates 
are from 0.73 µL/hr to 2100 mL/hr. A BD Precisionglide 26G ½ needle was selected to 
connect to a 10 mL syringe for providing a sessile drop with a diameter of approximately 
2.1 mm. The inner diameter of the water pipe is 4.5 mm, and the three way valve is for 
the purpose of ejecting the air bubble in the pipe. The light source is a 10W LED panel 
and the sessile drop is captured with a high speed camera. With the above facility, a 
sessile drop (~5.0 μL) on a solid surface is conducted, and the image captured with the 
camera is analyzed. The measurement of the contact angle of the water droplet on the 
target surface is achieved by simply aligning the tangent of the sessile drop profile at the 













Figure 10-2 Schematic drawing of the test facility for measuring contact angle of water 
droplet 
10.2.2 EXPERIMENTAL FACILITY FOR REFRIGERANT DROPLET 
The sessile drop method is also used for measuring the wettability of the liquid 
refrigerant on a solid surface. Since the refrigerant used in this study could not maintain a 
saturation sate in ambient conditions, the measurement needs to be conducted in a 
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pressure vessel. Fig. 10-3 shows the schematic of the experimental setup for the 
wettability measurement. There are two sight glasses installed in the stainless steel vessel. 
One is for an LED panel to providing light to the vessel and the other one is used for a 
high speed camera to capture the image. The tube sample was placed and pasted on the 
stage. The vessel was first evacuated with a vacuum pump, and then the refrigerant was 
charged until the liquid-vapor interface was visible through the sight glass. The 






















Figure 10-3 Schematic drawing of the test facility for wettability measurement 
 
10.3 RESULTS AND DISCUSSION 
10.3.1 WETTABILITY OF THE WATER ON THE POLYMER AND 
THE METAL SURFACE 
The contact angles of water droplet on curved surfaces were measured at room 
temperature (T=22°C) with the experimental set-up described in section 10.2.1. The 
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droplet volume was set to be around 5 μl. Fig. 10-4 (a) and (b) show the prepared water 
droplet for the 3D printed surface and the aluminum surface. The samples were cut from 
the 3D printed tube and the commercial aluminum tubes used in the facility (visualization 
section and heat transfer test section). The captured images of the water droplet on the 
surface were imported to CAD software for contact angle measurement. Since the droplet 
may be asymmetrical, the contact angles measured on both sides of the liquid droplet 
were averaged. As presented in Fig. 10-5(a) and (b), the contact angles for the water 








Figure 10-5 Contact angle measurement for the water droplet applied on (a) polymer 











10.3.2 WETTABILITY OF THE R245FA ON THE POLYMER AND 
THE METAL SURFACE 
In addition to the water droplet, the wetting behavior of the refrigerant on the metal 
and the 3D printed material (polymer) surfaces is of particular interest. The wettability of 
an R245fa droplet on the two surfaces was measured with the facility described in section 
10.2.2. In this experiment, the chamber temperature was controlled as 22°C. Under this 
condition, the saturation pressure of R245fa is 132.47 kPa and the surface tension is 
14.02×10-3 Nm-1. Fig 10-6 and Fig. 10-7 show the R245fa droplet on the aluminum 
surface and polymer surface. The images were captured from the time that the droplet 
started to fall until it spread out on the surface. The frame rate of the camera was around 
106 fps. The results show that the R245fa droplet completely wets both of the surfaces, 
and the contact angles are near zero. This is because the surface tension of the R245fa 
under this condition is small, which is only around 20% that of water.  
(a)t=0 ms (b) t=9.42 ms (c) t=18.84 ms (d) t=28.26 ms 
    
(e) t=37.68 ms (f) t=47.10 ms (g) t=56.56 ms (h) t=65.94 ms 
    





(a)t=0 ms (b) t=9.26 ms (c) t=18.52 ms (d) t=27.78 ms 
    
(e) t=37.04 ms (f) t=46.30 ms (g) t=55.56 ms (h) t=64.82 ms 
    
Figure 10-7 Wettability of R245fa droplet applied on the polymer curved surface 
10.3.3 WETTABILITY OF THE R410A ON THE POLYMER AND 
THE METAL SURFACE 
R410A is the working fluid used in the heat transfer test section and visualization 
section, so measuring its wettability is essential. The approach is the same as that for 
measuring the R245fa droplet. The chamber temperature in the R410A experiment was 
controlled as 22°C. Under this condition, the saturation pressure of R410A is 1524.7 kPa 
and the surface tension is 5.86×10-3 Nm-1. Fig 10-8 shows the R410A droplet on the 
aluminum curved surface. It is seen that the droplet completely spreads out as it touches 
the surface. This indicates the wettability is very high and the contact angle is close to 
zero. A similar situation is seen for the R410A droplet on the polymer flat surface, as 
demonstrated in Fig. 10-9. The droplet turns into a flat puddle as it contacts the surface. 
These results indicate that the contact angles of R410A on aluminum and 3D printed 






(a)t=0 ms (b) t=7.56 ms (c) t=15.12 ms (d) t=22.68 ms 
    
(e) t=30.24 ms (f) t=37.80 ms (g) t=45.36 ms (h) t=52.92 ms 
    
Figure 10-8 Wettability of R410A droplet applied on the aluminum curved surface 
 
(a)t=0 ms (b) t=18.16 ms (c) t=36.32 ms (d) t=54.48 ms 
    
(e) t=72.64 ms (f) t=90.80 ms (g) t=108.96 ms (h) t=127.12 ms 
    
Figure 10-9 Wettability of R410A droplet applied on the polymer flat surface 
10.4 SUMMARY AND CONCLUSIONS 
The wettability of three fluids on an aluminum surface and polymer surface (material 
for 3D printed tubes) is experimentally investigated. The fluid with high surface tension 
(water) is sensitive to the surface material, and the contact angle of the water droplet on 
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the aluminum and the polymer surfaces is approximately 86° and 70°, respectively. Since 
the surface tensions of R245fa and R410A are low, both of them are almost completely 
wetting fluids. As one would expect, the contact angles for theses fluids on the two 
surfaces are near 0° from the experiments, and there is no significant difference of the 
wetting behavior between the two different surfaces. Consequently, the results showed 
that the change of the contact angles are small such that they do not affect the 
generalization of the conclusions obtained in the transparent polymer tube to actual metal 








Chapter 11 CONCLUSIONS  
In this chapter, the findings and conclusions of this study are briefly summarized as 
follows. 
• Improved understanding of the HTC and dP in aluminum axial micro-finned 
tubes during flow boiling and mechanisms of HTC enhancement: The 
aluminum axial micro-finned tube enhances HTC, and its EF ranges from 1.03 to 
1.48 with an average of 1.34. The PF ranges from 0.66 to 1.6, and the average is 
around 1.23. Nevertheless, surface enlargement due to micro-fins is around 1.6 
indicating that most of the heat transfer performance is due to the increasing fin 
surface area. Partial dry-out in the axial micro-finned tube occurs at lower vapor 
quality than the smooth tube, which causes the heat transfer coefficient and 
pressure drop in the axial micro-finned tube to decrease earlier than for the 
smooth tube. 
• Visualization of the two-phase flow in 3D printed clear micro-finned tubes 
helps us understand the mechanism of heat transfer enhancement: Axial 
micro-fins (0° helix angle) do not provide additional force to pull up the liquid 
inside the round tube, so annular flow does not occur at an earlier condition 
(lower vapor quality or mass flux). The flow pattern in transparent axial micro-
finned tubes is generally similar to that in transparent smooth tubes. For the 
helical micro-finned tube, the annular flow pattern occurs at a lower vapor quality 
than the smooth and axial micro-finned tubes. The swirling flow triggered by the 
helical micro-groove geometries enables the liquid refrigerant to reach a higher 
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location of the round tube, and the capillary force keeps the liquid flowing along 
the micro-grooves.  
• A new flow pattern map considering effect of helix angle in the micro-finned 
tube: Helix angle affects the transition boundary of stratified wavy flow to wavy 
annular flow, which shifts downward (to lower mass flux and vapor quality 
conditions) as the helix angle increases. Other transitions are not significantly 
affected by the helix angle. Based on the experimental data, a flow pattern map 
for flow boiling in horizontal micro-finned tubes considering the effect of helix 
angle was built. 
• Thanks to the novel diabatic visualization technique, new insights observed 
through visualization in smooth and micro-finned tubes were given for future 
improvement of the HTC model: Flow behavior at low vapor quality such as 
formation of vapor plugs and the rewetting phenomenon in slug flow were 
clarified by this diabatic method. Micro-fin geometry influences flow behavior in 
round tubes especially for low vapor quality condition. Bubbles are mainly 
generated in the groove region due to a higher superheat, and the bubbles in the 
helical micro-finned tube are easier to merge and travel with a higher velocity. 
The annular flow pattern is almost the same as that visualized through the 
traditional adiabatic method since the nucleate boiling mechanism is suppressed 
when the fluid velocity is high. 
• Quantification and analysis of various heat transfer mechanisms during flow 
boiling were conducted through the visualization: Heat flux condition affects 
the heat transfer mechanisms during flow boiling. Through the captured videos, 
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the wall heat flux transferred to the refrigerant through nucleate boiling (bubble 
generation) and convection (sensible heat), and the warming liquid causes the 
generated bubbles to grow. The heat is transferred through the forced convection 
mechanism thoroughly as the heat flux is low. As the heat flux increases, the 
proportion of evaporative mechanism becomes important. Besides, the 
contribution of nucleate boiling to the total heat flux decreases with the increase 
of vapor quality. 
• Wettability measurement helps strengthen the generalization of the 
conclusions obtained in the transparent resin tubes: Wettability of three fluids 
(water, R245fa, and R410A) on aluminum and 3D printed surfaces were 
measured. The results showed that the change of the contact angles is small such 
that they do not affect the generalization of the conclusions obtained in the 
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APPENDIX A: DATA OF HTC AND PRESSURE DROP IN 
SMOOTH AND MICRO-FINNED TUBES 
Table A-1 HTC of R410A during flow boiling in an Al smooth tube (ID=6.3 mm) 
Tsat=10°C, q=15 kW/m
2, G=100 kg/s-m2 Tsat=10°C, q=10 kW/m











0.102 2.905 0.1709 0.1084 2.65 0.2311 
0.1987 2.855 0.17 0.202 2.777 0.2414 
0.3497 2.956 0.1758 0.3382 2.683 0.2322 
0.5041 2.942 0.1719 0.4913 2.792 0.2586 
0.5976 2.943 0.169 0.598 2.901 0.2656 
0.6922 2.874 0.1662 0.7074 2.92 0.2677 
0.8126 2.889 0.1694 0.8022 3.012 0.2687 
0.9078 2.661 0.1582 0.8956 2.956 0.2668 
Tsat=10°C, q=15 kW/m
2, G=180 kg/s-m2 Tsat=10°C, q=20 kW/m











0.09827 3.13 0.1848 0.1006 3.582 0.1711 
0.1926 3.229 0.1933 0.2132 3.838 0.1814 
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Table A-1 (cont.) 
0.3517 3.214 0.1892 0.3524 3.88 0.1808 
0.5097 3.347 0.2000 0.5006 3.996 0.1898 
0.5999 3.447 0.2075 0.5924 4.058 0.1917 
0.6997 3.493 0.2128 0.7006 4.114 0.1934 
0.8165 3.414 0.2074 0.8026 4.159 0.1973 
0.9152 3.004 0.1787 0.9032 3.782 0.1786 
Tsat=10°C, q=15 kW/m
2, G=300 kg/s-m2 Tsat=10°C, q=15 kW/m











0.1026 3.576 0.2439 0.101 3.648 0.2547 
0.1989 3.571 0.2274 0.204 3.73 0.2584 
0.3547 3.611 0.2266 0.3545 3.843 0.264 
0.5092 3.665 0.2329 0.5028 3.972 0.2708 
0.5997 3.721 0.2401 0.5968 4.076 0.2743 
0.7016 3.743 0.2403 0.7104 4.122 0.2802 
0.7947 3.654 0.2267 0.8147 4.258 0.2896 





Table A-2 Horizontal pressure drop of R410A in an Al smooth tube (ID=6.3 mm) 
Tsat=10°C, G=100 kg/s-m












0.1705 0.278 0.009434 0.1355 0.5269 0.005592 
0.2663 0.3067 0.008644 0.2302 0.6769 0.004743 
0.4182 0.4086 0.006784 0.3898 1.053 0.003818 
0.5724 0.5501 0.005425 0.5474 1.551 0.003401 
0.6669 0.6112 0.005055 0.6381 1.854 0.003286 
0.7602 0.6663 0.004788 0.7375 2.1 0.003225 
0.8825 0.6954 0.004667 0.8546 2.279 0.003192 
0.9769 0.6583 0.004823 0.9534 2.06 0.003234 
Tsat=10°C, G=250 kg/s-m












0.1121 0.7737 0.004396 0.1249 1.046 0.003828 
0.2061 1.076 0.003787 0.2218 1.526 0.003414 
0.3636 1.74 0.003323 0.3781 2.738 0.003134 




Table A-2 (cont.) 
0.6024 3.275 0.003095 0.6227 5.44 0.003035 
0.7159 3.776 0.003071 0.7245 6.103 0.003028 
0.7943 4.181 0.003058 0.8178 6.43 0.003025 
   0.91 6.178 0.003027 
   0.9499 6.014 0.003828 
Tsat=10°C, G=450 kg/s-m






   
0.1158 1.987 0.003251    
0.2192 3.308 0.003093    
0.3698 6.473 0.003024    
0.5181 7.11 0.00302    
 
Table A-3 Up-flow vertical pressure drop of R410A in an Al smooth tube (ID=6.3 mm) 
Tsat=10°C, G=100 kg/s-m












0.1705 3.217 0.026803 0.1355 3.629 0.023763 
182 
 
Table A-3 (cont.) 
0.2663 3.247 0.026555 0.2302 3.776 0.022839 
0.4182 2.623 0.032867 0.3898 2.787 0.030935 
0.5724 1.825 0.047231 0.5474 2.592 0.03326 
0.6669 1.467 0.058755 0.6381 2.471 0.034888 
0.7602 1.188 0.072551 0.7375 2.297 0.037529 
0.8825 1.001 0.086102 0.8546 2.021 0.042652 
0.9769 0.5263 0.163758 0.9534 1.558 0.055323 
Tsat=10°C, G=250 kg/s-m












0.1121 4.48 0.019255 0.1249 4.263 0.020233 
0.2061 3.916 0.022024 0.2218 4.396 0.019622 
0.3636 3.486 0.024737 0.3781 4.291 0.020102 
0.4827 3.795 0.022725 0.532 5.014 0.017208 
0.6024 3.701 0.023301 0.6227 5.114 0.016873 
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Table A-3 (cont.) 
0.7159 3.647 0.023646 0.7245 5.088 0.016959 
0.7943 3.675 0.023466 0.8178 5.002 0.017249 
   0.91 4.316 0.019985 
   0.9499 3.982 0.020233 
Tsat=10°C, G=450 kg/s-m












0.1158 5.751 0.015008 0.6121 9.178 0.009426 
0.2192 5.952 0.014503 0.7256 10.02 0.00864 
0.3698 7.161 0.012063 0.8299 9.729 0.008896 









Table A-4 HTC of R410A during flow boiling in an Al expanded axial micro-finned tube 
(Dmeltdown=6.3 mm)  
Tsat=10°C, q=15 kW/m
2, G=100 kg/s-m2 Tsat=10°C, q=15 kW/m











0.09898 4.237 0.226 0.09743 4.185 0.3918 
0.1931 4.162 0.2296 0.1981 4.171 0.412 
0.3615 3.937 0.2192 0.3752 4.205 0.4153 
0.5112 3.685 0.2 0.4953 4.229 0.4141 
0.6056 3.651 0.1955 0.5788 4.251 0.4086 
0.7166 3.517 0.1861 0.6863 3.787 0.4092 
0.8094 3.324 0.1756 0.7907 3.651 0.4016 
0.9051 2.752 0.1526 0.9021 3.202 0.3651 
0.9419 2.163 0.1521 0.9122 2.759 0.3512 
Tsat=10°C, q=10 kW/m
2, G=180 kg/s-m2 Tsat=10°C, q=15 kW/m











0.099 3.938 0.2305 0.1025 4.674 0.2253 





Table A-4 (cont.) 
0.3561 4.068 0.2452 0.3481 4.462 0.2203 
0.5027 4.127 0.2541 0.4979 4.516 0.2398 
0.6036 4.112 0.2523 0.6156 4.384 0.2239 
0.7172 3.672 0.2166 0.6911 4.329 0.2212 
0.8188 3.524 0.2123 0.7897 4.382 0.2217 
0.8927 3.9 0.2109 0.8981 4.451 0.2297 
0.9357 3.905 0.2187 0.9311 4.455 0.2319 
   0.9521 4.242 0.223 
Tsat=10°C, q=20 kW/m
2, G=180 kg/s-m2 Tsat=10°C, q=15 kW/m











0.1037 5.237 0.3452 0.0933 5.083 0.3864 
0.1866 5.22 0.3347 0.1986 5.15 0.395 
0.3601 5.136 0.3347 0.3593 5.086 0.3894 
0.4966 5.22 0.3362 0.4912 5.01 0.3846 
0.6115 5.194 0.3241 0.593 5.061 0.3766 
0.7042 4.86 0.2604 0.7055 5.118 0.3882 
0.7956 4.79 0.2619 0.7884 5.197 0.387 
0.8938 4.701 0.2608 0.882 4.866 0.3738 
186 
 
Table A-4 (cont.) 
   0.9106 5.053 0.3856 
   0.9592 4.76 0.3736 
 
Table A-5 Horizontal pressure drop of R410A in an Al expanded axial micro-finned tube 
(Dmeltdown=6.3 mm) 
Tsat=10°C, G=100 kg/s-m












0.1643 0.1829 0.013921 0.143 0.368 0.007393 
0.2601 0.2357 0.010967 0.2424 0.6261 0.004977 
0.4302 0.4775 0.00601 0.4206 1.096 0.003761 
0.5793 0.673 0.004759 0.5409 1.514 0.00342 
0.6743 0.7828 0.004369 0.6249 1.784 0.003308 
0.7853 0.8827 0.004115 0.7307 2.248 0.003197 
0.8771 0.9068 0.004064 0.8358 2.229 0.003201 
0.97 0.809 0.004295 0.9448 1.971 0.003254 
Tsat=10°C, G=180 kg/s-m














Table A-5 (cont.) 
0.14 0.4818 0.005969 0.1215 0.8174 0.004272 
0.2312 0.7998 0.00432 0.2321 1.521 0.003416 
0.3854 1.361 0.003512 0.3715 2.786 0.00313 
0.5359 2.241 0.003199 0.5341 4.138 0.00306 
0.6543 2.701 0.003138 0.6267 4.89 0.003043 
0.7285 3.11 0.003105 0.7198 5.664 0.003032 
0.8278 3.058 0.003108 0.8324 5.997 0.003029 
0.936 2.748 0.003133 0.9276 5.576 0.003033 
0.9689 2.55 0.003154 0.9841 4.818 0.003044 
Tsat=10°C, G=300 kg/s-m












0.1181 1.175 0.003671 0.7301 7.107 0.003020 
0.2231 2.226 0.003201 0.8129 7.11 0.003020 
0.3837 4.139 0.00306 0.9061 7.11 0.003020 
0.5155 5.807 0.00303 0.935 6.933 0.003021 





Table A-6 Up-flow vertical pressure drop of R410A in an Al expanded axial micro-
finned tube (Dmeltdown=6.3 mm) 
Tsat=10°C, G=100 kg/s-m












0.1643 4.176 0.020654 0.143 4.74 0.018201 
0.2601 3.989 0.021621 0.2424 4.186 0.020605 
0.4302 2.952 0.029207 0.4206 3.318 0.025988 
0.5793 2.353 0.036637 0.5409 3.142 0.027442 
0.6743 2.087 0.041304 0.6249 3.049 0.028278 
0.7853 1.832 0.047051 0.7307 3.154 0.027338 
0.8771 1.362 0.063283 0.8358 2.742 0.031442 
0.97 1.036 0.083194 0.9448 2.162 0.039872 
   0.9538 2.094 0.041166 
Tsat=10°C, G=180 kg/s-m












0.14 4.815 0.017918 0.1215 5.596 0.015423 




Table A-6 (cont.) 
0.3854 3.914 0.022035 0.3715 5.245 0.016452 
0.5359 3.872 0.022273 0.5341 5.411 0.015949 
0.6543 3.792 0.022743 0.6267 5.584 0.015456 
0.7285 3.853 0.022383 0.7198 6.021 0.014337 
0.8278 3.355 0.025701 0.8324 6.052 0.014264 
0.936 2.85 0.030251 0.9276 5.311 0.016248 
0.9689 2.599 0.033171 0.9841 4.377 0.019707 
0.9891 2.407 0.035815    
Tsat=10°C, G=300 kg/s-m












0.1181 6.064 0.014236 0.7301 8.05 0.010737 
0.2231 5.858 0.014735 0.8129 8.204 0.010537 
0.3837 6.338 0.013623 0.9061 7.977 0.010835 
0.5155 7.056 0.012242 0.935 7.554 0.011439 





APPENDIX B: CAD DRAWINGS OF DIABATIC 
VISUALIZATION SECTION 
 
Figure B-1 Diabatic visualization section 
 















APPENDIX C: MEASUREMENT OF SURFACE 
ROUGHNESS 
Surface roughness of the tube samples used in the experiments was measured by 
Dektak 3030 stylus surface profilometer, in which a diamond stylus is in contact with a 
sample for measure minute physical surface topography as a function of position. The 
measurements of the surface roughness are given in Table C-1. 
 
Table C-1 Surface roughness measurement by Dektak 3030 Profilometer 
Material/Geometry Ra [µm] Rq [µm] 
Al smooth tube 0.4430 0.5328 
Al expanded axial micro-finned tube  0.2230 0.2613 
3D printed smooth tube 0.8432 1.1210 
3D printed axial micro-finned tube 1.5110 1.9660 
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